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Chapter 1
General Introduction
1.1. Background and objectives
Nucleic acids (DNA and RNA) are among the most fundamental molecules in all life
forms. Nucleic acid quantification is essential in biological and biomedical research, such
as gene expression analysis (1), viral titer determination (2), examination of genetically
modified organisms (3), and microbial population analysis (4). Many analytical methods
for specific nucleic acid sequence quantification have already been developed.
Traditional methods like northern blot (5) are generally insensitive, labor-intensive, and
low-throughput. DNA microarray technology (6,7) has greatly facilitated large-scale
study; however, this technology does not have the highest sensitivity, and a significant
percentage of genes cannot be quantified. In contrast, quantitative polymerase chain
reaction (PCR) methods, such as competitive PCR (8,9) and real-time PCR (10 17), have
the highest sensitivity and specificity.
In competitive PCR, an internal standard (competitor) that is coamplified with the
gene of interest (target) in the same reaction mixture with the same amplification
efficiency is used. Any PCR inhibitors that are observed frequently in biological samples
equally affect the amplification of the target and competitor; therefore, the ratio of their
1
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PCR products reflects the ratio of the starting quantity of the target to that of the
competitor independently of the presence of any PCR inhibitors. Thus, this technique
potentially enables absolute quantification. In addition, it can eliminate false negative
results and does not require expensive devices. However, this method requires
labor-intensive and time-consuming post-PCR procedures for the separation of PCR
products by gel electrophoresis to determine the ratio of the target to the competitor; this
results in poor rapidity, low sensitivity, low reproducibility, and a high risk of carryover
contamination.
Real-time PCR is a method that combines the amplification of the target and the
detection of amplified products during each reaction cycle. This method has been most
widely used, because of its high rapidity, sensitivity, reproducibility, and low risk of
carryover contamination. However, this approach rests essentially on the assumption of
equal amplification efficiencies for samples and standards. Hence, its accuracy and
applicability depend critically on the purity of the template because PCR inhibitors may
compromise results or even lead to false negative results. In addition, this method
requires highly specialized, expensive devices equipped with a fluorometer and a thermal
cycler for real-time fluorescence measurement. Therefore, better, simple, cost-effective,
accurate, and high-throughput methods for nucleic acid quantification are strongly
desired.
The objective of this study is to develop novel quantitative methods that overcome
these limitations. The key feature of these methods is the phenomenon in which the
fluorescence of a dye is quenched by electron transfer to a guanine base at a particular
position (14,18). First, quenching probe (QProbe)-PCR, which is a fluorescence
quenching-based real-time PCR method, was applied to the examination of genetically
modified (GM) soybean (Chapter 2). Second, a novel quantitative method for specific
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nucleic sequences was developed, which is a combination of competitive PCR and the
fluorescence quenching. This method is called alternately binding probe competitive
PCR (ABC-PCR) (Chapter 3). Third, ABC-PCR was applied to the estimatation of
single-nucleotide polymorphism (SNP) allele frequency (Chapter 4). Fourth, a simple
quantitative method without using calibration curves was developed, which is a
combination of competitive PCR and the use of a QProbe. This method is called
calibration-curve-free quantitative PCR (CF-qPCR) (Chapter 5). Finally, a simple, rapid,
and reliable quantitative method that combines competitive assay and loop-mediated
isothermal amplification (LAMP) was developed. This method is called alternately
binding probe competitive LAMP (ABC-LAMP) (Chapter 6).
1.2. Quantitative Method for Specific Nucleic Acid Sequences
1.2.1. Northern blot
Developed in 1977, northern blot (5) remains a standard method for quantification of
RNA despite the advent of powerful techniques, such as quantitative PCR and DNA
microarrays. Northern blot provides a direct relative comparison of message abundance
between samples (Figure 1.1). In this technique, RNA samples are first separated by size
using gel electrophoresis under denaturing conditions. The gels may be run on either
agarose or denaturing polyacrylamide gels depending on the size of the RNA to be
detected. Then, the RNA is transferred to a membrane, cross-linked and hybridized with
a radio-labeled probe. This technique is preferred for determining transcript size and for
detecting alternatively spliced transcript. However, this technique has several limitations
as follows: (i) It is less sensitive than quantitative PCR methods. (ii) It is difficult to
quantify multiple targets. To detect more than one message, it is usually necessary to strip
the initial probe before hybridizing with a second probe.
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Figure 1.1. Schematic representation of northern blot.
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1.2.2. DNA microarrays
DNA microarrays, which was developed in 1995 (6), use the same principle of
Watson-Crick base pairing as other traditional techniques such as northern blot (Figure
1.2). In northern blot, target RNA sequences are immobilized and radio-labeled probe in
excess are added for hybridization. In DNA microarrays, probe sequences are
immobilized at pre-determined positions at high density, and fluorescent labeled target
sequences are added and allowed to hybridize. After washing away nonspecifically
bound targets, the signal intensity of the remaining bound target sequences is
proportional to the amount of the target sequence. DNA microarrays are probably the
most popular technique for high-throughput nucleic acid quantification. This technique is
particularly efficient for genomic DNA analysis such as array comparative genomic
hybridization (array CGH), which has very promising clinical applications in cancer (19),
preimplantation genetic diagnosis (PGD) (20), and potentially many other applications.
1.2.3. Polymerase chain reaction
Developed in 1983, polymerase chain reaction (PCR) (21) is now a common technique
used in medical and biological research laboratories. It is used to exponentially amplify a
fragment of DNA by in vitro enzymatic replication. PCR permits amplification of a
single or few copies of a fragment of DNA across several orders of magnitude,
generating millions or more copies of the DNA fragment. Moreover, small amounts of
RNA can be amplified using reverse transcriptase (RT) to convert RNA to DNA.
Mackay et al. reported the PCR conditions (22). The contents are summarized as
follows. PCR can be performed in three steps: (i) denaturation step; double
stranded-DNA (dsDNA) melting at temperatures of 94 98°C, (ii) annealing step; primers
hybridize the DNA sequence at 50 65°C , and (iii) extension or elongation step; DNA
General Introduction
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Figure 1.2. Schematic representation of DNA microarrays.
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polymerase synthesis at 70 80°C (Figure 1.3).
1.2.4. Competitive PCR
Traditional PCR process is limited to accurate quantification of DNA or RNA because
the quantity of PCR products does not related to initial copies of the target sequence,
which derived from the plateau phenomenon of PCR. The amount of PCR products at
plateau phase almost same in each sample, despite the initial copies of the target
sequences are different (Figure 1.4). Quantification by conventional PCR is difficult
because it is almost impossible to determine the PCR conditions under which sufficient
amounts of amplified products can be obtained for detection by gel electrophoresis
before reaching the plateau phase for all of the samples with different template
concentrations.
To overcome the difficulties in the quantification by PCR, competitive PCR was
developed in 1989 (Figure 1.5). Competitive PCR uses a DNA fragment (competitor) that
is coamplified with the gene of interest (target). The requirements for a good competitor
are as follows: (i) it can be amplified using the same primers as those used for amplifing
the target, (ii) it can be distinguished from the target (in terms of size and restriction
fragment pattern among others) and, (iii) its quantity or concentration can be determined.
Once the target is amplified in the presence of a competitor, competitive PCR occurs
owing to the competition for the use of the primers. The ratio of the target to the
competitor is maintained in PCR. Because the starting quantity of the competitor is
known, the starting quantity of the target can be calculated by measuring the ratio of the
target to the competitor in the resulting PCR solution. Competitive RT-PCR is a method
of quantifing RNA applying competitive PCR.
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Figure 1.3. Schematic presentation of polymerase chain reaction (PCR).
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Figure 1.4. Kinetic amplification.
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Figure 1.5. Schematic representation of competitive PCR.
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1.2.5. Real-time PCR
Competitive PCR is highly sensitive and specific; however, it suffers from laborious
post-PCR handling steps required to evaluate a PCR amplicon. Conventional detection of
amplified DNA relies on electrophoresis of nucleic acids in the presence of ethidium
bromide and visual or densitometric analysis of the resulting bands after irradiation with
ultraviolet light. It is time-consuming and requires multiple PCR product handling steps,
further risking the spread of an amplicon throughout the laboratory. Moreover, this
method has a short dynamic range of ~100-fold. To overcome these limitations, real-time
PCR was developed in 1993. Real-time PCR combines the amplification of a DNA
sequence with the detection of amplified products during each reaction cycle (Figure 1.6).
Compared with competitive PCR, real-time PCR can quantify a broad dynamic range of
initial amount of target sequences. The monitoring of an accumulating PCR amplicon in
real-time has been made possible with the use of a DNA-binding fluorogenic molecule,
such as SYBR Green I (23), and sequence-specific fluorescent probes, such as TaqMan®
probes (11) and molecular beacons (12). These chemical have clear benefits over
radiogenic oligoprobes, which include the avoidance of radioactive emissions, ease of
disposal, and an extended shelf life.
Amplicon detection 1: SYBR Green I
Sharkey et al. reported the principle of SYBR Green I (24). The contents are
summarized as follows. SYBR Green I (23) is the DNA binding dye, which increase the
fluorescence intensity to bind dsDNA (Figure. 1.7). The advantage of SYBR Green I is
that DNA probes to detect the target sequences are not required. On the other hand, the
disadvantage of this method is that PCR artifacts such as primer dimers are detected.
Thus, it is very important to optimize PCR conditions when we use the SYBR Green I.
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Figure 1.6. Schematic representation of real-time PCR.
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Figure 1.7. Schematic representation of SYBR Green I assay.
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Amplicon detection 2: TaqMan® probes
Sharkey et al. also reported the principle of TaqMan® probes (24). The contents are
summarized as follows. TaqMan® probes (11) increase the fluorescence intensity from
degradation of the probe by DNA polymerase 5 -to-3 exonuclease activity (Figure 1.8).
The probes hybridize to a target DNA sequence localized between the forward primer
binding site and the reverse primer binding site. The probes have two fluorescent dyes as
a reporter fluorescent dye at the 5 end and quencher fluorescent dye at the 3 end. The
reporter fluorescent dye is quenched by quencher fluorescent dye, which is called
fluorescence resonance energy transfer (FRET). The advantage of the TaqMan® probe is
that the probes cannot detect the PCR artifacts. On the other hand, the disadvantage of
this method is that complicated primer design is required.
Amplicon detection 3: Molecular Beacons
Midland Certified Reagent Company reported the principle of Molecular beacons (25).
The contents are summarized as follows. Molecular beacons (12) increase the
fluorescence intensity when the probes anneal the target DNA sequences (Figure 1.9).
The probes are hairpin shaped DNA. The probes have a reporter fluorescent dye at the 5
end and quencher fluorescent dye at the 3 end. When the probes are free, a reporter
fluorescent dye is quenched by quencher fluorescent dye. On the other hand, when the
probes hybridize the target DNA sequence, a reporter fluorescent dyes increase the
fluorescent intensity because of the free from FRET.
1.3. Fluorescence quenching phenomenon
1.3.1. Photoinduced electron transfer between a fluorescent dye and a guanine base
Fluorescence quenching is often observed between some dyes and a guanine (G),
Chapter 1
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Figure 1.8. Schematic representation of TaqMan® probe assay.
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which is the most oxidizable nucleobase. This phenomenon is accompanied by
photoinduced electron transfer (PET). The fluorescences of BODIPY FL
(excitation/emission = 499 nm/522 nm), 5-FAM (494/518), and TAMRA (555/580) are
notably quenched by a guanine base (18). Kurata et al. examined the relationship
between the composition of bases and the quenching efficiency of BODIPY FL (14). Of
the four sets of probes and targets shown in Table 1.1, a significant decrease in
fluorescence intensity was observed only when the probe C9T6 was hybridized with the
target A6G12 (quenching efficiency = 92%). Moreover, the probe G9A6 showed much
lower fluorescence intensity than the others, even before hybridization. These results
suggest that a G positioned in very close proximity to BODIPY FL is crucial for
quenching fluorescence. They also examined the relationship between the position of G
and the quenching efficiency of BODIPY FL. The quenching was observed only when
the Gs were at four specific positions (Table 1.2): the position complementary to the 5
end of the probe (quenching efficiency = 72%), the second inside position (2%), the
second outside position (48%), and the third outside position (15%).
1.3.2. Quenching primer-PCR
Quenching primer-PCR (QPrimer-PCR) is a simple and cost-effective real-time PCR
assay based on the fluorescence quenching phenomenon using a BODIPY FL-modified
primer (Figure 1.10). As the PCR primer is integrated into PCR products, the
fluorescence of BODIPY FL was quenched. The quenching efficiency was proportional
to the amount of target DNA. Compared with hybridization probe-based approaches,
QPrimer-PCR requires only two primers. Its simple design reduces the complexity of the
PCR system. Using a guanine base instead of a special dye as the quencher makes it a
cost-effective system as well. This assay could suffer from nonspecific fluorescence
Chapter 1
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Figure 1.9. Schematic representation of molecular beacon assay.
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Table 1.1. Identification of the base composition that caused the quenching of
BODIPY FL fluorescence
5'-AAAAAAAAAGGGGGG-3'a 330 380 1 0.15
3'-TTTTTTTTTTTTCCCCCC-5'b
5'-TTTTTTTTTCCCCCC-3'a 440 430 0.02
3'-AAAAAAAAAAAAGGGGGG-5'b
5'-GGGGGGGGGAAAAAA-3'a 40 50 1 0.25
3'-CCCCCCCCCCCCTTTTTT-5'b
5'-CCCCCCCCCTTTTTT-3'a 360 30 0.92
3'-GGGGGGGGGGGGAAAAAA-5'b
The probes were modified with BODIPY FL at the 5'-end. F 0, fluorescence
intensity (arbitrary units) in the absence of target DNA; F , fluorescence
intensity after the addition of the target DNA. aProbe sequence.
bTarget sequence.
F 0 F (F 0 F )/F 0
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Table 1.2. The position of G nucleotide in the targets when the reduction of fluorescence after
hybridization was observed
5'-ACAAAAAAAAAATATATATA-3'a 573.3 564.4 0.02
3'-TTTTTTTTTTTGTTTTTTTTTTATATATAT-5'b
5'-CAAAAAAAAAAATATATATA-3'a 521.3 146.2 0.72
3'-TTTTTTTTTTGTTTTTTTTTTTATATATAT-5'b
5'-AAAAAAAAAAAATATATATA-3'a 489.6 253.4 0.48
3'-TTTTTTTTTGTTTTTTTTTTTTATATATAT-5'b
5'-AAAAAAAAAAAATATATATA-3'a 479.7 406.2 0.15
3'-TTTTTTTTGTTTTTTTTTTTTTATATATAT-5'b
F 0, fluorescence intensity (arbitrary units) without the target DNA; F , fluorescence intensity
after the addition of the target DNA. aProbe sequence. bTarget sequence.
F 0 F (F 0 F )/F 0
General Introduction
20
Figure 1.10. Schematic representation of QPrimer-PCR.
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arising from the duplication of the QPrimer sequence during the formation of primer
dimers; however, melting curve analysis can also be used effectively for this purpose
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Chapter 2
Quantification of genetically modified soybean
by quenching probe polymerase chain reaction
2.1. Introduction
In several countries, foods or feeds containing genetically modified organisms
(GMOs) are subject to compulsory labeling. The unintentional contamination by GM
material of a non-GM background is difficult to avoid during field culture or seed
transport. Hence, the threshold for unintentional mixing of a GMO that does not require
labeling is defined as 0.9% in the EU (1 4) and 5% in Japan (5). Therefore, analytical
methods to accurately quantify GMO contents are required. Many analytical methods
used to quantify GMOs have already been developed. Methods based on the polymerase
chain reaction (PCR) have been most widely used, because of their sensitivity, specificity,
and applicability. Competitive PCR was applied to the quantification of Roundup Ready
soybean and Bt Maize (6 10). Real-time PCR was used for the quantification of
Roundup Ready soybean (11 21), Bt11 (17, 19, 22, 23), Bt176 (11, 16, 17, 19, 22, 23),
and MON810 (17, 19, 20, 22, 24, 25). In particular, real-time PCR has engendered wider
acceptance because of its rapidity, sensitivity, and reproducibility and the low risk of
carry-over contamination. The TaqMan® assay is one of the most commonly used
2
Quantification of genetically modified soybean by QProbe-PCR
26
real-time PCR methods for the determination of GMO content (11 13, 15 23, 25). The
Japanese Government has adopted the TaqMan® assay as the standard method to
quantify GMOs (26). This assay requires the TaqMan® probe, which is an
oligonucleotide modified with two fluorescent dyes at both ends. The fluorescence of one
dye in the TaqMan® probe should be quenched by the fluorescence resonance energy
transfer to the other dye, and the probe should be degraded by Taq polymerase during the
elongation reaction in PCR. The evaluation of the performance of TaqMan® probes is
usually done by trial and error by performing real-time PCR, and this step is very
time-consuming.
Quenching probe (QProbe) PCR (27,28) is a simple real-time PCR assay, which
requires QProbe (Figure 2.1). A QProbe is an oligonucleotide with a fluorescent dye
modified cytosine at its 3 or 5 end. This method utilizes the phenomenon whereby the
fluorescence of the dye is quenched by an electron transfer to a guanine base at a
particular position (27,29). The performance of the QProbe can be estimated using a
complementary oligonucleotide without performing real-time PCR, and therefore, the
and easy. QProbe needs only one dye, so
its synthesis is simpler and more cost-effective than that of the TaqMan® probe and other
probes/primers, which need two dyes (30 33). Moreover, in QProbe-PCR, a melting
curve analysis can be performed after the PCR to measure the melting temperature (Tm)
between the QProbe and PCR products. If the PCR products do not contain the sequence
that perfectly matches the QProbe, the measured Tm is lower than the expected value,
and therefore, Tm measurement is useful to ensure that the PCR products contain the
target sequence and consequently eliminate pseudopositive results. In the TaqMan®
assay, a melting curve analysis after the PCR is impossible, and there is no easy way to
eliminate pseudopositive results. Thus, QProbe-PCR has several advantages.
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Figure 2.1. Fluorescence quenching of a QProbe. When a QProbe hybridizes with a target
DNA, its fluorescence is quenched by the guanine in the target complementary to the
modified cytosine, and the quench rate is proportional to the amount of target DNA (27).
ÙßßÙÝÙÙÝÙßßÙÝÌÙÙÝßßÝ
ßÝÌÌÝÝÌÌÝÙÝÝÙÝÌÌÝÙßÝÝÙÌÌÙÙÝßÌÙ
BODIPY FL
Hybridization
Target DNA
QProbe
ÙßßÙÝÙÙÝÙßßÙÝÌÙÙÝßßÝ
Quantification of genetically modified soybean by QProbe-PCR
28
In this study, we used QProbe-PCR to determine GMO levels in soybean and
compared the performance with the results of a TaqMan® assay. QProbe-PCR showed
enough sensitivity and accuracy for GMO quantification.
2.2. Materials and Methods
2.2.1. Materials
The certified reference materials IRMM-410S consisting of 0.10 0.05, 0.50 0.10,
1.0 0.2, 2.0 0.3, and 5.0 0.6% (w/w) Roundup Ready soybean produced by the
Institute for Reference Materials and Measurements (IRMM) were purchased from Fluka
Chemie GmbH (Buchs, Switzerland). Standard curves for measuring GM soybean by
real-time PCR were constructed using GM soybean (RRS) Detection Plasmid Set
-ColE1/TE- (Nippon Gene, Toyama, Japan). This plasmid set contained linearized
plasmid DNAs possessing Le1 and RRS sequences at concentrations of 40, 250, 3000, 40
000, and 500 000 copies per 5.0 L.
2.2.2. Oligonucleotides
The sequences of the primers, probes, and complementary oligonucleotides used in
this study are listed in Table 2.1. The primers and the complementary oligonucleotides
were purchased from Hokkaido System Science Co., Ltd. (Hokkaido, Japan). The
QProbes and TaqMan® probes were purchased from Espec Oligo Service (Ibaraki,
Japan) and Nippon Gene, respectively. The QProbes were labeled at the 3 end with
BODIPY FL via an aminohexyl phosphate linker having a seven-carbon spacer. The
TaqMan® Probes were labeled at the 5 end with the fluorescent reporter dye
6-carboxyfluorescein (FAM) and at the 3 end with the fluorescent quencher dye
6-carboxytetramethylrhodamine (TAMRA).
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Table 2.1. Primers, probes, and complementary oligonucleotides
target name orientation - reference
Le1 Le1n02- Forward primer GCCCTCTACTCCACCCCCA (17)
Le1n02- Reverse primer GCCCATCTGCAAGCCTTTTT (17)
Le1-QP QProbe GAAGCGGCGAAGCTGGCAAC-(BODIPY FL) this study
Le1-comp Complementary DNA GUACGGUUGCCAGCUUCGCCGCUUCa this study
Le1-Taq TaqMan probe (FAM)-AGCTTCGCCGCTTCCTTCAACTTCAC-(TAMRA) (17)
RRS RRS 01- Forward primer CCTTTAGGATTTCAGCATCAGTGG (17)
RRS 01-3 Reverse Primer GACTTGTCGCCGGGAATG (17)
RRS-QP QProbe CGCAACCGCCCGCAAATCC-(BODIPY FL) this study
RRS-comp Complementary DNA CCAGAGGAUUUGCGGGCGGUUGCGb this study
RRS-Taq TaqMan probe (FAM)-CGCAACCGCCCGCAAATCC-(TAMRA) (17)
aUnderlined sequence is complementary to Le1-QP. bUnderlined sequence is complementary to RRS-QP.
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2.2.3. DNA extraction and purification
Genomic DNA was extracted with the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden,
Germany) nual. The
concentration of the extracted DNA was calculated from the absorbance at 260 nm
measured by a UV spectrometer DU-600 (Beckman Coulter Inc., Fullerton, CA). The
extracted DNA was diluted to 20 ng/ L.
2.2.4. Melting curve analysis to measure Tm and quench rate of QProbes
The reaction mixture (25 L) contained 0.2 M QProbe, 0.4 M complementary
oligonucleotide, 1 PCR Buffer (10 Gene Taq Universal Buffer; Nippon Gene), and 1
mM MgCl2. As a negative control, sterilized distilled water was added instead of the
complementary oligonucleotide. The reaction mixture was heated to 95 °C for 90s,
cooled to 50 °C, kept at 50 °C for 2 min, and then slowly heated back to 95 °C at a ramp
rate of 2% with continuous fluorescence acquisition using an ABI PRISM 7900HT
(Applied Biosystems, Foster, CA). Tm was calculated from peaks generated by plotting
the negative derivative of the fluorescence intensity over temperature versus the
temperature ( dF/dT versus T). The fluorescence quench rate at each temperature was
calculated by eq 1:
fluorescence quench rate (%) = [(F2 F1)/F2] 100 (1)
where F1 and F2 are the fluorescence intensities at each temperature of the reaction
mixture with and without complementary oligonucleotide, respectively.
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2.2.5. QProbe-PCR
QProbe-PCR was carried out using an ABI PRISM 7900HT. The reaction mixture (25
L) contained 100 ng of sample DNA or 5 L of GM soybean (RRS) Detection Plasmid
Set -ColE1/TE- (Nippon Gene), 0.2 M QProbe, 1 M forward primer Le1n02-5 plus
0.3 M reverse primer Le1n02-3 (for Le1) or 0.3 M RRS01-5 plus 1 M RRS01-3
(for RRS), 200 M each dATP, dCTP, and dGTP, 600 M dUTP (Roche Diagnostics,
Mannheim, Germany), 1 PCR Buffer (10 Gene Taq Universal Buffer; Nippon Gene),
0.625U of DNA polymerase (Gene Taq; Nippon Gene), 0.035 M BD Taqstart Antibody
(BD Biosciences Clontech, Palo Alto, CA), 0.25 U of uracil-DNA glycosylase
(heat-labile; Roche Diagnostics), and 1 mM MgCl2. Uracil-DNA glycosylase in the
reaction mixture was used to prevent carry-over contamination of PCR products, and the
glycosidase reaction was performed during the preparation of the reaction mixture at
room temperature before PCR. PCR conditions were as follows: an initial denaturation at
95 °C for 2 min; 50 cycles of denaturation at 95 °C for 45 s, annealing at 59 °C for 1 min,
and extension at 72 °C for 45 s; and a final extension at 72 °C for 2 min. The
fluorescence intensity was measured after denaturation and annealing steps in each cycle,
and the fluorescence quench rate at each cycle was calculated according to a previous
report (27). The cycle at which the quench rate plot crosses the threshold is defined as Ct
(cycle of threshold), and the standard curve was constructed from the mean Ct values of
triplicate determinations. The copy number of Le1 and RRS in each sample was
calculated from the Ct value of the sample using the standard curve. GMO contents (%)
were calculated using eq 2:
GMO content (%) = [N1/(N2CV)] 100 (2)
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where N1 and N2 are the initial copy numbers of RRS and Le1 in the samples,
respectively, and CV (coefficient value) is the ratio of copy numbers of RRS and Le1 in
genuine GM seeds. Roundup Ready soybean includes a single copy of RRS per genome,
so the theoretical CV is 1.0. Therefore, in QProbe-PCR, we used 1.0 as the CV. After PCR,
a melting curve analysis was perfomed.
2.2.6. TaqMan® assay
The TaqMan® assay was carried out using an ABI PRISM 7900 HT according to a
report by the Ministry of Health, Labour and Welfare, Japan (26) with slight modification.
The reaction mixture (25 L) contained 100 ng of sample DNA or 5 L of GM soybean
(RRS) Detection Plasmid Set -ColE1/TE- (Nippon Gene), 0.2 M TaqMan® probe
(Nippon Gene), 0.5 M each primer, and 12.5 L of TaqMan® Universal PCR Master
Mix (Applied Biosystems). PCR conditions were as follows: 50 °C for 2 min, 95 °C for
10 min, and 40 cycles of 95 °C for 30 s and 59 °C for 60 s. The TaqMan® assay was
performed in triplicate for each template DNA. Results were analyzed using ABI PRISM
7900HT Sequence Detection System software 2.1 (Applied Biosystems). According to
the report (26), GMO content was calculated using 1.04 as the CV.
2.3. Results and Discussion
2.3.1. Melting curve analysis to measure Tm and quench rate of QProbes
The event-specific QProbes, Le1-QP and RRSQP, were designed for Le1 and RRS,
respectively. Melting curve analyses of the QProbes with and without complementary
oligonucleotide were performed. As shown in Figure 2.2, the Tm of Le1-QP and RRS-QP
was 69.8 and 72.1 °C, respectively. The fluorescence quench rates of Le1-QP and
RRS-QP (Figure 2.3) were 61.7 and 59.3%, respectively, at 59 °C, which is the annealing
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Figure 2.2. Derivative melting curve plots for Le1-QP (A) and RRS-QP (B) with
complementary oligonucleotide (black line), and without complementary oligonucleotide
(gray line). The peak indicates the melting point.
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Figure 2.3. Fluorescence quench rates for Le1-QP (A) and RRS-QP (B).
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temperature in the PCR for GMO quantification.
2.3.2. Standard curves
Standard curves were constructed from reaction mixtures containing 0, 40, 250, 3000,
40 000, and 500 000 copies of the plasmid possessing Le1 and RRS sequences as
described in Materials and Methods. Since about 80 000 copies of Le1 are contained in
100 ng of soybean DNA (18), 40 500 000 copies of RRS in the 100 ng of soybean DNA
correspond to a GMO content of about 0.05 625%. This range meets the labeling
requirement of regulations in the EU (0.9%) and Japan (5%). Figure 2.4 shows
amplification plots, standard curves, and melting curves for Le1 and RRS obtained by
QProbe-PCR. The calculated R2 values of the standard curves for Le1 and RRS were
0.9959 and 0.9987, respectively. Thus, the standard curves in QProbe-PCR were linear.
The melting curve analysis for Le1 and RRS showed that both PCR products contained
the expected sequence. Then, the reproducibility of QProbe-PCR was evaluated using the
Ct values obtained for constructing the standard curves. Copy numbers of Le1 and RRS
were calculated from the Ct values using the standard curves. The calculated mean copy
number and relative standard deviation (RSD) of triplicate samples of Le1 and RRS at
each concentration are shown in Table 2.2. In Le1 measurements, the RSDs of 3000 500
000 copies were less than 11% and, so, in a satisfactory range, but the RSDs of 40 and
250 copies were high (29.1 and 37.9%, respectively). Considering that 100 ng of soybean
DNA contains about 80 000 copies of Le1, high RSDs for 40 and 250 copies would not
affect the quantification of GM soybean in practical terms. In RRS measurements, the
RSDs of 250 500 000 copies (corresponding to about 0.3 625% GMO) were less than
12%, but the RSD of 40 copies (corresponding to about 0.05%) was 28.4%. Considering
the labeling requirements of regulations in the EU (0.9%) and Japan (5%), a high RSD
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Figure 2.4. Soybean quantification in QProbe-PCR: (A) amplification plots of Le1 in the
plasmid; (B) standard curve for Le1 (equation and fit of the line are shown); (C) melting
curve analysis for Le1; (D) amplification plots of RRS in the plasmid; (E) standard curve
for RRS (equation and fit of the line are shown); (F) melting curve analysis for RRS.
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Table 2.2. Reproducibility of copy numbers from 40
to 500 000 copies per reaction for Le1 and RRS
target R2
true value
(copy)
mean
(copy)
RSDa
(%)
Le1 0.9959 40 38 29.1
250 303 37.9
3000 3235 5.5
40000 46725 10.6
500000 435680 6.4
RRS 0.9987 40 39 28.4
250 261 11.5
3000 3015 10.1
40000 40406 6.0
500000 481964 7.2
aRSD, relative standard deviation of triplicate
reactions in a single experiment.
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for 40 copies would not affect the measurement of GM soybean content in practical
terms. Therefore, the reproducibility of QProbe-PCR was satisfactory for practical use.
2.3.3. Accuracy and precision of quantification
To compare the performance of QProbe-PCR and the TaqMan® assay for GM soybean
quantification, we determined GMO contents of five levels of RRS reference materials,
0.1, 0.5, 1, 2, and 5%, using both methods. The experiments were repeated three times,
and the mean GMO content, the difference between the experimental mean value and
theoretical value (bias), SD, and RSD at each level of GMO content were calculated
(Table 2.3). The bias of QProbe-PCR and that of the TaqMan® assay were similar, but
the RSDs of QProbe-PCR were slightly greater. This means that QProbe-PCR has a
accuracy similar to, but a slightly lower precision than, the TaqMan® assay. According to
previous reports (19, 25), the threshold of RSD for GMO measurement is 20 or 25%. As
shown in Table 2.3, the RSDs in QProbe-PCR and the TaqMan® assay for the samples
containing more than 0.5% GMO were less than 20%, and the RSDs for the 0.1% sample
were more than 20%. Since the labeling requirements of regulations in the EU and Japan
are 0.9 and 5%, respectively, the performance of QProbe-PCR, as well as the TaqMan®
assay, is satisfactory to estimate the unintentional mixing of GM soybean in practical
terms. In addition, in QProbe-PCR, a melting curve analysis was easily performed, and it
was shown that each PCR product contained the expected sequence (data not shown). In
this regard, QProbe-PCR can present more reliable data than the TaqMan® assay.
2.4. Conclusion
In this study, we used QProbe-PCR to determine GMO contents and showed that
QProbe-PCR has acceptable levels of accuracy and precision like the TaqMan® assay.
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Table 2.3. Accuracy and precision statistics for quantitative methods
accuracy precision
methods
true
value
(%)
mean
(%)
biasa
(%) SDb
RSDc
(%)
QProbe-PCR 0.10 0.05 0.078 -21.8 0.03 33.0
0.50 0.10 0.48 -3.7 0.09 18.0
1.0 0.2 1.1 13.1 0.15 12.9
2.0 0.3 1.8 -8.6 0.20 11.0
5.0 0.6 4.2 -15.8 0.15 3.5
TaqMan assay 0.10 0.05 0.10 0.0 0.03 26.5
0.50 0.10 0.44 -12.0 0.07 15.7
1.0 0.2 0.91 -9.0 0.05 5.0
2.0 0.3 1.7 -13.8 0.03 1.5
5.0 0.6 4.5 -10.5 0.24 5.4
aBias, (mean value - true value)/true value 100. bSD, standard
deviation. cRSD, relative standard deviation. All experiments were
performed three times.
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QProbe-PCR has several advantages over the TaqMan® assay, as follows: (i) The design
and synthesis of probes are simpler and more costeffective. (ii) A melting curve analysis
can be performed after the PCR, so one can easily confirm whether the PCR products
include expected sequences or not, and consequently, eliminate pseudopositive results.
QProbe-PCR is sensitive enough to monitor labeling systems and useful for the
quantification of GM soybeans. This method is also applicable to examination of other
GMOs.
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3.1. Introduction
Real-time PCR (1 8) is a method that combines the amplification of the gene of
interest (target) and the detection of amplified products during each reaction cycle. The
cycle at which the amount of amplified products attains a certain preset value is inversely
related to the starting quantity of the target. Sequence-specific fluorescent probes or
primers, such as TaqMan® probes (2), molecular beacons (3), quenching probes (5,6),
and self-quenched fluorogenic primers (7), are generally used for the monitoring of PCR
products. This method has been most widely used, because of its high rapidity, sensitivity,
reproducibility, and low risk of carryover contamination. We succeeded to apply
QProbe-PCR, which is quenching-based real-time PCR, to determine genetically
modified organisms (GMO) levels in soybean in chapter 2. However, this approach rests
essentially on the assumption of equal amplification efficiencies for the sample and
standards. Hence, its accuracy and applicability depend critically on the purity of the
template because PCR inhibitors, such as humic substances in soil (9), heme in blood
3
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(10), and urea in urine (11), that are observed frequently in biological samples may
compromise results or even lead to false negative results. In addition, this method
requires highly specialized, expensive devices that combine a fluorometer and a thermal
cycler for real-time fluorescence measurement.
Competitive PCR (12 14) uses an internal standard (competitor) that is coamplified
with the target in the same reaction mixture with the same amplification efficiency. The
ratio of the target to the competitor is maintained in the PCR. Because the starting
quantity of the competitor is known, the starting quantity of the target can be calculated
by measuring the ratio of the target to the competitor in the resulting PCR solution. Any
PCR inhibitors equally affect the amplification of the target and competitor, so that the
ratio of their PCR products reflects the ratio of the starting quantity of the target to that of
the competitor independently of the presence of any PCR inhibitors. Thus, this technique
potentially enables absolute quantification. In addition, it can eliminate false negative
results and does not require expensive devices for real-time fluorescence measurement.
However, this method requires labor-intensive and time-consuming post-PCR procedures
for the separation of the PCR products by gel electrophoresis to determine the ratio of the
target to the competitor; this results in poor rapidity, low sensitivity, low reproducibility,
and a high risk of carryover contamination.
Here, we have developed a novel competitive PCR method that overcomes these
limitations. The key feature of this method is that the ratio of the target to the competitor
can be calculated using a sequence-specific fluorescent probe instead of the separation of
PCR products. The starting quantity of the target is calculated by end-point fluorescence
measurement. Therefore, this approach entails no complex post-PCR procedures and
real-time fluorescence measurement; thus, it is simpler and more cost-effective and has a
lower risk of carryover contamination. Moreover, this method enables accurate
Chapter 3
47
quantification for biological samples that contain PCR inhibitors and eliminates false
negative results.
3.2. Principle of ABC-PCR
A scheme of the proposed method is shown in Figure 3.1. The technique utilizes a
unique competitive PCR design with a fluorescent probe that binds to either the target or
the competitor, referred to as alternately binding probe (ABProbe). The ABProbe used is
an oligonucleotide with a green dye, BODIPY FL (excitation/emission = 505/513 nm),
with a modified adenine or thymine at its 5 end, and a red dye, TAMRA (555/580), with
a modified cytosine at its 3 end. These fluorescent dyes have a property of being notably
quenched by an electron transfer to guanine at a particular position (5,15). The
competitor is identical to the corresponding region of the target except for three bases
located at the outside position of the binding site for the 5 side of the probe. These three
bases are replaced by guanine. The ABProbe hybridizes with the target and competitor in
perfect match, so that we considered that the fluorescent probe has the same affinity to
both nucleic acids. Because the competitor has the same primer binding regions of the
target and, in addition, the same length and almost the same G + C contents as the
corresponding region of the target, we considered that the competitor is amplified with a
similar efficiency to the target. Consequently, the ratio of the target to the competitor
remains constant throughout the PCR amplification. The fluorescence intensity of the
ABProbe changes as follows: (i) When the ABProbe is free in solution, its green
fluorescence (G1) is quenched by fluorescence resonance energy transfer (FRET) (16) to
the red dye, but this quenching of the fluorescence does not influence to determine the
ratio of the target and the competitor. (ii) When the ABProbe hybridizes with a target, its
green fluorescence (G2) emits bright light because two fluorescent dyes are separate. (iii)
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Figure 3.1. Schematic presentation of the novel technique with ABProbe for calculating
ratio of target to competitor in competitive PCR. The target shown here as an example
possesses a T base at the 3 end of the probe binding site; however, the presence of A is
also accepted by this method. The competitor has the same sequence as the target, except
that the underlined TTC bases are replaced by GGG bases. Fluorescence intensity reflects
the ratio of the target to the competitor. To produce the single strand possessing the probe
binding site, one of the primers is added to the reaction mixture at 10-fold the amount of
the other primer.
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When the ABProbe hybridizes with a competitor, its green fluorescence (G3) emits light
darker than G2 because its green fluorescence is quenched by guanine bases. (iv) When
the ABProbe is free in solution, its red fluorescence (R1) emits bright light. (v) When the
ABProbe hybridizes with the target or competitor, its red fluorescence is similarly
quenched by the guanine complementary to the modified cytosine (R2 = R3). Therefore,
red fluorescence intensity reflects the ratio of the unbound probe to the hybridized probe,
and green fluorescence intensity reflects the ratio of target to the competitor in the PCR
products. For the quantification of the target, a mixture of the target and competitor is
amplified using PCR with the ABProbe. After the PCR, fluorescence intensity is
measured at 55 (annealing temperature of PCR cycle) and 95 °C (denaturation
temperature of PCR cycle). The fluorescence intensity of the green dye (G55) and red dye
(R55) at 55 °C represented the intensity after hybridization, whereas that of the green dye
(G95) and red dye (R95) at 95 °C represented the intensity before hybridization. G55 and
R55 were then divided by G95 and R95 to normalize for non-PCR-related fluorescence
fluctuations occurring from tube to tube. The fluorescence intensities measured from the
green dye (G55/G95) and red dye (R55/R95) are the sum of the fluorescence intensities from
the unbound probe (GU or RU), the hybridized probe with the target (GT or RT), and the
hybridized probe with the competitor (GC or RC), expressed respectively as
G55/G95 = GU (1 y) + GT[X/(X + C)]y + GC[C/(X + C)]y (1)
where y is the ratio of the unbound probe to the total probe;
R55/R95 = RU (1 y) + RT [X/(X + C)]y + RC[C/(X + C)]y (2)
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X and C are the starting quantities of the target and competitor, respectively. At this point,
RT = RC (3)
Therefore, eq 2 converts to
y = [RU (R55/R95)]/(RU RC) (4)
Under this condition, eq 1convertts to
[(G55/G95) GU]/[RU (R55/R95)] = [(CGC CGT)/(RU RC)]/(X + C)
+ (GT GU)/(RU RC) (5)
This equation shows that [(G55/G95) GU]/[RU (R55/R95)] and X have a relationship
indicated by a rectangular hyperbola. We called this method the alternately binding probe
competitive PCR (ABC-PCR).
3.3. Materials and Methods
3.3.1. Bacterial cultures
Nitrosomonas europaea (NBRC 14298) as a representative ammonia-oxidizing
bacteria was purchased from the National Institute of Technology and Evaluation,
Biological Resource Center (NBRC) and cultured in NBRC liquid media 240 and 829.
The culture was incubated at 28 °C in the dark with periodic pH adjustment.
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3.3.2. DNA extraction and purification
DNA was extracted from 0.5 g (wet weight) of the cultured cells using a Bio 101 Fast
DNA SPIN kit (for soil) (Qbiogene) as described by the manufacturer. Extracted DNA
was purified using Microcon YM-50 (Millipore) and quantified by measuring its
absorbance at 260 nm with the UV spectrometer DU-600 (Beckman Coulter).
3.3.3. Oligonucleotides
The sequences of the primers and probe used in this study are listed in Table 3.1. The
primers were purchased from Hokkaido System Science Co., Ltd. The ABProbe, which is
also used as the TaqMan® probe, was purchased from the J-Bio 21 Corp. The ABProbe
was labeled at the 5 end with BODIPY FL via an aminohexyl phosphate linker having a
six-carbon spacer and at the 3 end with 6-carboxytetramethylrhodamine (TAMRA).
3.3.4. Construction of target DNA and competitor DNA
As for the target DNA, a 682-bp intact DNA fragment was amplified using the primer
set A189-F and amoA-2R-R and genomic DNA from cultured cells of N. europaea as
template. The competitor DNA was constructed by the overlap extension method (20).
Two primers, ISF and ISR, were designed to generate a competitor differing from the
amoA sequence by 3 bp. This unrelated 3-bp-long sequence and its complement were
underlined in the ISF and ISR sequences, as shown in Table 3.1. Two separate
amplifications were carried out using two primer sets, amoA-1FF/ISR and ISF/amoA-
2R-TG, using extracted DNA from cultured cells of N. europaea as template. The two
amplification products, containing the amoA gene fragment and a single 19-bp
overlapping region, were mixed together, annealed, and amplified with an outside primer
set consisting of amoA-1FF and amoA-2R-TG. This DNA fragment was cloned into the
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Table 3.1. Sequences of primers and probe used
Name Sequence (5 -3 ) Positiona Reference
Primer
A189-F TGGCAGGTGACTGGGA 146-161 This study
amoA-2R-R TTGATCCCCTCTGGAAAGC 808-827 This study
ISF GTGTCAGATGGGGCGTGAAAG 411-430 This study
ISR ACTTCACGCCCCATCTGACA 410-429 This study
amoA-1FF CAATGGTGGCCGGTTGT 187-203 17
amoA-2R-TG CCCCTCTGGAAAGCCTTCTTC 802-822 18
A189-F-1FF TGGCAGGTGACTGGGATTTCTGGATGGACTGGAAAGATCGTCAATGGTGGCCGGTTGT 146-203 This study
A189 GGHGACTGGGAYTTCTGG 151-168 19
amoA-2R CCTCKGSAAAGCCTTCTTC 802-820 18
Probe
ABP-amoA (BODIPY FL)-ATCTGACACGCAACTGGCTGGTGAC-(TAMRA) 422-446 This study
a The position is based on the open reading frame of amoA of N. europaea.
Chapter 3
53
pDrive Cloning Vector (Qiagen) using the Qiagen PCR Cloning kit (Qiagen). To confirm
the insertion, we performed insert check using the One Shot Insert Check PCR Mix
(TaKaRa). This PCR product was amplified with a primer set consisting of amoA-1FF
and amoA-2R-TG. After the PCR, the amplified products joined to A189-F-1FF by
performing a PCR-like reaction without primers and amplified with a primer set
consisting of A189-F and amoA-2R-R to obtain a 682 bp DNA fragment. Subsequently,
the PCR products of the target DNA and competitor DNA were purified using the
Microcon YM-50 (Millipore). The fragment length and concentration of the purified
products were determined using an Agilent 2100 bioanalyzer (Agilent Technologies), and
the sequences were confirmed by DNA sequencing.
3.3.5. ABC-PCR
PCR was carried out using an iCycler (Bio-Rad Laboratories). The reaction mixture
(25 L) contained 0.15 M ABProbe ABP-amoA, 0.1 M forward primer A189, 1 M
reverse primer amoA-2R , 200 M each of dATP, dCTP, and dGTP, 600 M dUTP
(Roche Diagnostics), 1 titanium buffer, 1 titanium Taq (Clontech), and 0.25 unit of
uracil-DNA glycosylase (heat-labile; Roche Diagnostics). Uracil-DNA glycosylase was
added to the reaction mixture to prevent the carryover contamination of the PCR
products. The glycosidase reaction was performed during the preparation of the reaction
mixture at room temperature before the PCR. The PCR conditions were as follows: initial
denaturation at 95 °C for 2 min; 60 cycles of denaturation at 95 °C for 45 s, annealing at
55 °C for 60 s, and extension at 72 °C for 45 s, and a final extension at 72 °C for 2 min.
The PCR was performed in triplicate for each template DNA, and the no-template control
(NTC) contained water instead of the template. After the PCR, the fluorescence intensity
of each aliquot was measured using a SmartCycler (Cephied) at 95 and 55 °C. Excitation
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was performed at 450 495 and 527 555 nm, with 505 537 and 565 605 nm emission
filters for green fluorescence and red fluorescence, respectively. The standard curves
were obtained by fitting the data points to a rectangular hyperbola, and the copy number
of amoA in each sample was calculated using the standard curve.
3.3.6. Real-time PCR
Real-time PCR was carried out using an ABI PRISM 7900 HT (Applied Biosystems)
according to a previous report (18) with slight modification. The reaction mixture (25
L) contained 0.2 M TaqMan® Probe ABP-amoA, 0.3 M forward primer A189, 0.9
M reverse primer amoA-2R , and 1 TaqMan® Universal Master Mix (Applied
Biosystems). The PCR conditions were as follows: AmpErace uracil-N-glycosylase
incubation at 50 °C for 2 min; activation of AmpliTaq Gold (Applied Biosystems) at
95 °C for 10 min; 50 cycles of denaturation at 95 °C for 45 s, annealing at 55 °C for 60 s,
and extension at 72 °C for 45 s. Real-time PCR was performed in triplicate for each
template, and the NTC contained water instead of the template. The results were
analyzed using ABI PRISM 7900 HT sequence Detection System software 2.1 (Applied
Biosystems).
3.3.7. Inhibition experiments
To evaluate the power of normalization, 106 copies of target DNA were quantified in
the presence of graded amounts of humic acid (final concentration, 1.6 8 g/mL) as a
PCR inhibitor by ABC-PCR and real-time PCR. Humic acid was purchased from Fluka.
3.4. Results and Discussion
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3.4.1. Standard curves
We tested the ability of ABC-PCR for DNA quantification. As a model target, we
chose amoA, which is a small subunit of the gene encoding ammonia monooxygenase
and is important for nitrogen removal (17,18). The ABProbe was designed with perfectly
matched to the target amoA sequence of N. europaea as a representative
ammonia-oxidizing bacteria. Various amounts of target DNA, ranging from 101 to 105
copies in the presence of 103 copies of competitor DNA were prepared. The DNA
mixtures were amplified by PCR. After PCR, the fluorescence intensity of each aliquot
was measured. [(G55/G95) GU]/[RU (R55/R95)] was plotted against the copy number of
the starting quantity of the target DNA in Figure 3.2. The results show that the [(G55/G95)
GU]/[RU (R55/R95)] values obtained from triplicate samples showed good fitting to a
rectangular hyperbola with an R of 0.9993. The standard deviation (SD) of triplicate
samples was less than 0.06 for 101 105 copies. The dynamic range of the ABC-PCR was
found to cover ~100-fold magnitude, so that the detection limit of ABC-PCR in this study
was 102 copies of the target DNA. In real-time PCR, a linear relationship (R2 = 0.9924)
was observed between 102 and 108 copies of the target DNA, and we observed no linear
relationship when 101 copies of target DNA were added (data not shown). This suggests
that the detection limit of real-time PCR was 102 copies of the target DNA. Therefore,
ABC-PCR has a similar sensitivity to real-time PCR. Moreover, owing to the nature of
competitive PCR, the dynamic range was ~100-fold; however, by fixing 103 copies of the
competitor DNA and diluting the unknown samples in a series of 100-fold dilutions
(three dilutions, covering a 106 dynamic range) or adding the competitor DNA to the
unknown samples in several series of dilutions, the range of ABC-PCR can be adjusted to
cover several concentrations of the target DNA.
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3.4.2. Accuracy and precision of ABC-PCR
To determine the accuracy and precision of ABC-PCR, we quantified amoA of the
Figure 3.2. Typical standard curve. A fixed amount of the competitor (103 copies) was
coamplified with various amounts of the target DNA (101, 102, 3 102, 103, 3 103, 104,
105 copies) in triplicate. GU and RU were measured from the fluorescence intensities of
the green and red dyes of the NTC, respectively. The standard curve was obtained by
fitting the data points to a rectangular hyperbola. y = [-895.14/(x + 803.52)] + 0.96367; R
was calculated to be 0.9993.
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genomic DNA extracted from N. europaea, ranging from 0.15 to 5 ng. ABC-PCR and
real-time PCR were compared of their performance. In ABC-PCR, when we quantified
amoA of 0.15, 0.5, and 1.5 ng of genomic DNA, standard curves were constructed with
the target DNA ranging from 103 to 107 copies in the presence of 105 copies of
competitor DNA; when we quantified amoA of 5 ng of genomic DNA, standard curves
were constructed with the target DNA ranging from 104 to 108 copies in the presence of
106 copies of competitor DNA. The experiments were repeated three times, and the mean
number of amoA copies, SD, and relative standard deviation (RSD) at each amount of
genomic DNA were calculated. As shown in Table 3.2, the mean number of amoA copies
and the RSD of ABC-PCR were similar to those of real-time PCR. This result indicates
that ABC-PCR has an accuracy and a precision similar to those of real-time PCR.
According to previous reports (21), the N. europaea genome consists of a single circular
chromosome of 2 812 094 bp and has two copies of amoA per cell. Thus, 0.15, 0.5, 1.5,
and 5 ng of genomic DNA have about 97 307, 324 357, 973 070, and 3 243 565 copies of
amoA, respectively. These true values were about twice as high as the results of both
ABC-PCR and real-time PCR. This is probably because of an error in measuring the
amount of genomic DNA in the stock solution. We considered that this error is within
allowable limits.
3.4.3. PCR-inhibitory experiments using humic acid
The power of normalization of the ABC-PCR was assessed in PCR-inhibitory
experiments using humic acid. Humic acid was found to inhibit PCR in a dose-dependent
manner (9). A fixed amount of target DNA (106 copies) with humic acid in graded
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amounts was quantified using ABC-PCR and real-time PCR. Using real-time PCR, the
quantitative values were lower than the true values at humic acid concentrations from 3.2
Table 3.2. Accuracy and precision statistics for both quantitative
methods
Genomic DNA Mean SDa RSDb
Methods (ng) (copies) (copies) (%)
ABC-PCR 5 1803827 167865 9.3
1.5 497024 113108 22.8
0.5 136564 19667 14.4
0.15 50985 3114 6.1
Real-time PCR 5 1979020 153582 7.8
1.5 467288 89215 19.1
0.5 200576 63361 31.6
0.15 71205 13756 19.3
aSD, standard deviation. bRSD, relative standard deviation. All
experiments were performed three times.
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were slightly lower than the true values at 8.0 g/mL. The RSDs of the ABC-PCR were
2.52 10.1% at humic acid concentrations from 3.2 to 6.4 g/mL and 37.8% at 8.0 g/mL.
These results indicate that ABC-PCR can correctly and reproducibly quantify DNA in the
presence of PCR inhibitors that compromise the quantitative values in real-time PCR.
Therefore, in the presence of PCR inhibitors, ABC-PCR is more effective than real-time
to 6.4 g/mL in a dose-dependent manner, and no amoA was detected at 8.0 g/mL
(Figure 3.3). The RSDs of real-time PCR were 13.2 93.0% at humic acid concentrations
from 3.2 to 6.4 g/mL. These results indicate that the PCR was significantly inhibited by
humic acid. However, using ABC-PCR, the quantitative values were almost similar to the
true values at humic acid concentrations of up to 6.4 g/mL, and the quantitative values
PCR.
3.5. Conclusion
We have demonstrated a simple, cost-effective, and accurate method of specific
nucleic acid sequence quantification. The method uses a dual-fluorophore labeled
oligoprobe (ABProbe) for measuring the ratio of the target to the competitor. Molecular
beacons (3) and self-quenched fluorogenic primers (7), which are similar to the ABProbe
in design, have been reported. These oligonucleotides are hairpin-shaped molecules
labeled with double or single fluorophores. Upon hybridization to the target, these
oligonucleotides undergo a conformational change, thereby increasing the measured
fluorescence intensity of the fluorophores. However, the use of these techniques has been
limited to the real-time monitoring of amplified products in quantitative PCR methods. In
contrast, ABC-PCR using the ABProbe and unique internal standard enables the
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end-point quantification of specific nucleic acid sequences. The method has several
major advantages as follows: (i) In this method, the amplified sequences for the target
Figure 3.3 PCR-inhibitory experiments using humic acid in graded amounts. A fixed
amount of target DNA (106 copies) as sample was quantified in triplicate. Quantification
of amoA was performed by ABC-PCR (open circle) and real-time PCR (solid circle).
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and competitor have identical sizes, thereby eliminating any difference in amplification
efficiency caused by a difference in size (22). In addition, the ratio of the target to the
competitor was calculated using sequence-specific fluorescent probes without separating
PCR products by gel electrophoresis, thereby enabling sequence confirmation by
hybridization and resulting in a low risk of carryover contamination. (ii) This method can
quantify specific nucleic acid sequences by end-point fluorescence measurement using a
simple fluorometer. Therefore, this method eliminates labor-intensive and
time-consuming post-PCR procedures such as gel electrophoresis and densitometry,
highly specialized, expensive devices such as a real-time PCR instrument (23,24) or a
MALDI-TOF MS system (25). This can markedly reduce time and cost. (iii) Because this
method uses the competitor as an internal standard, this method enables a reliable
quantification of DNA in biological samples that contain PCR inhibitors and eliminates
false negative results. (iv) This method can be combined with the use of various
amplification systems that amplify the target and competitor while maintaining the initial
ratio of nucleic acids. Therefore, this method can be applied not only to PCR systems but
also to other amplification systems such as nucleic acid sequence-based amplification
(26) and loop-mediated isothermal amplification (27). These systems have a novel ability
of amplifying nucleic acids under isothermal conditions, so that they allow the use of
simple and cost-effective reaction equipment. Furthermore, the combination of this
technique with micro-total analysis system technology will enable automated and
high-throughput quantification. Thus, this technique has the potential to simplify the
quantification of large quantities of samples. This method has broad applications to the
quantification of specific nucleic acid sequences in biological and biomedical research.
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4.1. Introduction
Single-nucleotide polymorphisms (SNPs) are the most abundant genetic variations in
the human genome, occurring approximately every 1.0 1.9 kb (1,2). A worldwide effort
to collect SNPs has achieved an accumulation of millions in public database. To date,
about 5 646 244 SNPs have been mapped onto the human genome (NCBI, SNPs
database). SNPs are of medical and pharmacological interest in studies of disease
susceptibility and drug response (3,4). They are also regarded as ideal genetic markers
for identifying genetic factors associated with common diseases due to their abundance
and stability (5). Zhou et al. reported the importance of SNPs (6). The contents are
summarized as follows. Accordingly, novel methodology for examination of huge
number of SNPs in many samples taken from patients, which is simple, accurate, and
cost-effective, will be required for both basic research and routine diagnostic testing.
SNP genotyping surveys of numerous individuals are still costly and time-consuming.
Thus, the strategy of pooling equal amounts of DNA from individual samples and
4
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measuring the relative abundance of alleles in the pool has been reported. This strategy
markedly reduces the cost of analysis and the amount of DNA consumed, compared with
SNP genotyping individuals and counting alleles. Several methods have been described
for estimating SNP allele frequency from pooled DNA samples, including dHPLC (7,8),
RFLP (9,10), SSCP (11), BAMPER (6), MALDI-TOF mass spectrometry (12,13),
pyrosequencing (14,15), real-time PCR with allele-specific primers (16), and real-time
PCR with allele-specific probes (9,17,18). In particular, real-time PCR with
allele-specific probes has a promising future for high-throughput, sensitive and accurate
estimation of SNP allele frequencies in DNA pools. However, this assay requires highly
specialized, expensive devices that combine a fluorometer and a thermal cycler for
real-time fluorescence intensity measurement. Moreover, this assay requires the design
and optimization of two allele-specific fluorescent probes that are labeled with different
fluorescent dyes. The parallel application of two probes requires a time-consuming
optimization of PCR conditions, and several probes often have to be tested before
reliable results are obtained.
Here, we present a method in which alternately binding probe competitive PCR
(ABC-PCR) (19) is used for estimating SNP allele frequency. ABC-PCR combines the
competitive amplification of the two alleles and the use of a fluorescent probe, referred to
as the alternately binding probe (ABProbe) as described in chapter 3. The ABProbe is
labeled at the 5 end with a green dye (BODIPY FL) and at the 3 end with a red dye
(TAMRA). The green fluorescence intensity reflects the ratio of the two alleles, and the
red fluorescence intensity reflects the ratio of the hybridized probe to the unbound probe.
The two alleles are coamplified by PCR in the presence of the ABProbe, and then
fluorescence intensity is measured. The ratio of the two alleles can be calculated from the
fluorescence intensity of the ABProbe at the end-point. Using this method, we can
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estimate SNP allele frequency by end-point fluorescence measurement using a simple
fluorometer. Therefore, this method entails no expensive devices for real-time
fluorescence intensity measurement, nor labor-intensive and time-consuming post-PCR
procedures. Moreover, this method needs only one fluorescent probe, so its design and
optimization are simpler and more cost-effective than those of real-time PCR with
allele-specific probes, which needs two fluorescent probes.
4.2. Materials and Methods
4.2.1. Oligonucleotides
The sequences of the primers and probes used in this study are listed in Table 4.1. The
primers were purchased from Hokkaido System Science Co., Ltd. ABProbes were
purchased from J-Bio 21 Corp. The ABProbes were labeled at the 5 end with BODIPY
FL via an aminohexyl phosphate linker having a six-carbon spacer and at the 3 end with
6-carboxytetramethylrhodamine (TAMRA).
4.2.2. DNA sample preparation and SNP genotyping
Genomic DNA was extracted from hair samples of 18 volunteers using a DNA Hair
Root Kit (Bionex, Inc.) and CompacBio MX-16 (Bionex, Inc.) according to the
fied using
a Pico Green dsDNA Quantitation kit (Molecular Probes) according to the
® SNP Genotyping
Assays (Applied Biosystems) using an ABI PRISM 7900HT (Applied Biosystems)
according to the ma
Estimation of SNP allele frequency by ABC-PCR
70
Table 4.1. Sequences of primers and probes used in this study
Locus name SNP ID Published genotype Orientation Sequence (5 3 ) Reference
ALDH2 rs671 G/A Forward primer GTGTAACCCATAACCCCCAAGA (20)
Reverse primer CACCAGCAGACCCTCAAGC (20)
ABProbe (BODIPY FL)-AGTGTATGCCTGCAGCCC-
GTACTCGC-(TAMRA)
This study
GNB3 Rs2269355 G/C Forward primer ACTCCTCTATTCTTGGCTCATC This study
Reverse primer CTGGAATCCCGCTTACTAAGG This study
ABProbe (BODIPY FL)-AGAGAACTCGGGAGAGCT-
TCCTAC-(TAMRA)
This study
HTR2A Rs2296972 G/T Forward primer AATCCTAACAGAGGAGCAAG This study
Reverse primer TGCCATAGACATTAGCTGAA This study
ABProbe (BODIPY FL)-TCTAATAAGCAGCATTAC-
AAATAGCAC-(TAMRA)
This study
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4.2.3. Construction of DNA pools
The homozygous samples of each allele of ALDH2, GNB3, and HTR2A gene
polymorphisms were amplified by PCR using an iCycler (Bio-Rad Laboratories). The
reaction mixture (20 L) contained about 3 ng of human genome, 0.2 M forward primer,
0.2 M reverse primer, 200 M dNTP mix, 1 titanium buffer, 0.25 titanium Taq
(Clontech). The PCR conditions were as follows: initial denaturation at 94 °C for 2 min;
30 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 20 s, and extension at
68 °C for 25 s; and a final extension at 68 °C for 5 min. Subsequently, the PCR products
were purified using a Microcon YM-50 (Millipore). The fragment length and
concentration of the purified products were determined using an Agilent 2100
bioanalyzer (Agilent Technologies). The quantified products were then mixed in different
proportions (100:0, 99:1, 95:5, 80:20, 50:50, 20:80, 5:95, 1:99, and 0:100) to obtain
pools with different allele frequencies.
4.2.4. ABC-PCR
PCR was carried out using a MasterCycler (Eppendorf). The reaction mixture (20 L)
contained about 2 ng of human genomic DNA (for SNP genotyping) or 100 000 copies of
a DNA pool (for estimation of allele frequency), 0.2 M ABProbe, 1 M forward primer,
0.3 M reverse primer, 200 M each of dATP, dCTP, and dGTP, 600 M dUTP (Roche
Diagnostics), 1 titanium buffer (Clontech), 1 titanium Taq (Clontech), 0.25 U of
uracil-DNA glycosylase (heat-labile; Roche Diagnostics). Uracil-DNA glycosylase was
added to the reaction mixture to prevent the carry-over contamination of PCR products.
Glycosidase reaction was performed during the preparation of the reaction mixture at
room temperature before PCR. The PCR conditions were as follows: initial denaturation
at 94 ° C for 2 min; 50 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 20
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s, and extension at 68 °C for 25 s; and a final extension at 68 °C for 5 min. PCR was
performed in triplicate for each template, and the no-template control (NTC) contained
water instead of the template. After PCR, the fluorescence intensity of each aliquot was
measured using an EGbox (J-Bio 21 Corporation) as a simple fluorometer at 94 °C and
60 °C (for ALDH2 and GNB3) or 55 °C (for HTR2A). The fluorescence intensities of the
green dye (GBH) and red dye (RBH) at 94 °C represented the intensities before
hybridization, whereas those of the green dye (GAH) and red dye (RAH) at 60 °C or 55 °C
represented the intensities after hybridization. GAH and RAH were then divided by GBH
and RBH to normalize for non-PCR-related fluorescence intensity fluctuations occurring
from tube to tube. The fluorescence intensities measured from the green dye (GAH/GBH)
and red dye (RAH/RBH) are the sum of the fluorescence intensities from the unbound
probe, the hybridized probe with allele 1, and the hybridized probe with allele 2,
expressed respectively as
GAH/GBH = GU (1 y) + GA1 [A1/(A1 + aA2)] y + GA2 [aA2/(A1 + aA2)] y (1)
RAH/RBH = RU (1 y) + RA1 [A1/(A1 + aA2)] y + RA2 [aA2/(A1 + aA2)] y (2)
where GU (or RU), GA1 (or RA1), and GA2 (or RA2) represent the GAH/GBH (or RAH/RBH) of
the reaction mixture containing no template, only allele 1, and only allele 2, respectively;
y is the ratio of the hybridized probe to the total probe; A1 and A2 are the initial amounts
of allele 1 and allele 2, respectively; a is the ratio of the amplification efficiency of allele
1 to that of allele 2. At this point,
RA1 = RA2 (3)
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Therefore, equation (2) converts to
y = [RU (RAH/RBH)] / (RU RA2). (4)
Under this condition, equation (1) converts to
[(GAH/GBH) GU] / [RU (RAH/RBH)]
= [(aA2GA2 aA2GA1)/(RU RA2)] / (A1 + aA2) + (GA1 GU)/(RU RA2),
= [a(GA2 GA1)/(RU RA2)] / (A1/A2 + a) + (GA1 GU)/(RU RA2). (5)
This equation shows that [(GAH/GBH) GU] / [RU (RAH/RBH)] and A1/A2 have a
relationship indicated by a rectangular hyperbola. The standard curves were obtained by
fitting data points to a rectangular hyperbola, and allele frequency in each sample was
calculated using the standard curve.
4.3. Results and Discussion
4.3.1. Mechanism
A scheme of the proposed method is shown in Figure 4.1. As an example, we describe
the method of identifying SNP involving a G/A substitution. The technique utilizes a
coamplification of two alleles with a unique fluorescent probe, referred to as the
alternately binding probe (ABProbe). The ABProbe used is an oligonucleotide with a
green dye, BODIPY FL (excitation/emission = 505/513 nm), with a modified adenine or
thymine at its 5 end, and a red dye, TAMRA (555/580), with a modified cytosine at its 3
end. These fluorescent dyes have a property of being notably quenched by electron
transfer to guanine at a particular position (21,22). The ABProbe hybridizes with allele 1
and allele 2 in perfect match, so that the fluorescent probe has the same affinity to both
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Figure 4.1. Schematic presentation of ABC-PCR for estimation of SNP allele frequency.
The SNP shown here as an example is a G/A substitution. The red fluorescence intensity
of the ABProbe reflects the ratio of the hybridized probe to the unbound probe, and green
fluorescence intensity of the ABProbe reflects the ratio of allele 1 to allele 2 in PCR
products. To produce the single strand DNA possessing the probe binding site, one of the
primers is added to the reaction mixture at threefold the amount of the other primer.
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nucleic acids. The fluorescence intensity of the ABProbe changes as follows: (i) When
the ABProbe is free in solution, its green fluorescence (G1) is quenched by the
fluorescence resonance energy transfer (FRET) (23) to the red dye, but this quenching of
the fluorescence does not influence to estimate the ratio of the two alleles. (ii) When the
ABProbe hybridizes with allele 1, its green fluorescence (G2) is quenched by the guanine
base at an SNP site. (iii) When the ABProbe hybridizes with allele 2, its green
fluorescence (G3) emits bright light. (iv) When the ABProbe is free in solution, its red
fluorescence (R1) emits bright light. (v) When the ABProbe hybridizes with allele 1 or
allele 2, its red fluorescence is similarly quenched by the guanine complementary to the
modified cytosine (R2 = R3). Therefore, red fluorescence intensity reflects the ratio of the
hybridized probe to the unbound probe, and green fluorescence intensity reflects the ratio
of allele 1 to allele 2 in PCR products. Allele frequency can be calculated using the
equation (5) described in Materials and Methods. There are six possible types of
single-nucleotide substitution, namely, G/A, C/T, G/T, C/A, G/C, and A/T. ABC-PCR is
not applicable to A/T substitution, because the method requires a guanine base at an SNP
site for fluorescence quenching. However, A/T substitution is only 8.6%, which is the
lowest, among all SNP types known to date (24). Thus, A/T substitution likely has a very
minor importance. In addition, an adenine or a thymine is required at the 3 end of probe
binding site, because the 5 end of the ABProbe is an adenine or a thymine in this method.
However, this method is simpler and more cost-effective than conventional methods,
thereby being very useful over these limitations. Moreover, if an inosine, which is
hybridized with cytosine, adenine, and uracil, is used as the base at the 5 end of the
ABProbe, this method may be also applicable in the situation that the 3 end of probe
binding site is cytosine.
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4.3.2. Allele frequency estimation
We tested the feasibility of ABC-PCR for the estimation of SNP allele frequency. As
model targets, we chose three different SNPs, namely, ALDH2 (G/A), GNB3 (G/C), and
HTR2A (G/T). The ABProbes were designed for ALDH2, GNB3, and HTR2A. We
mixed PCR products derived from homozygous samples of each allele of ALDH2, GNB3,
and HTR2A in different proportions (99:1, 95:5, 80:20, 50:50, 20:80, 5:95, and 1:99).
The DNA mixtures were amplified by PCR, and then the fluorescence intensity of each
aliquot was measured. [(GAH/GBH) GU] / [RU (RAH/RBH)] values were plotted against
the ratio of allele 1 to allele 2 as shown in Figure 4.2. The results show that the
[(GAH/GBH) GU] / [RU (RAH/RBH)] values obtained from triplicate samples showed
good fitting to a rectangular hyperbola with R values of 0.9999 (ALDH2), 0.9998
(GNB3), and 0.9990 (HTR2A). The relative standard deviations (RSD) of triplicate
samples were less than 2.28 (ALDH2), 3.35 (GNB3), and 18.0 (HTR2A).
To determine the accuracy and precision of ABC-PCR, we prepared the DNA pools of
PCR products derived from homozygous samples of each allele of ALDH2, GNB3, and
HTR2A in different proportions (97.5:2.5, 90:10, 69:31, 31:69, 10:90, and 2.5:97.5), and
estimated the allele frequencies of these samples by ABC-PCR. The estimated values and
the expected values were compared. The experiments were repeated three times, and the
mean allele frequency and relative standard deviation (RSD) for each proportion of
alleles were calculated. As shown in Table 4.2, the mean values obtained by ABC-PCR
strongly correlated with the true values for all the three SNPs. The RSDs were less than
20% for all the three SNPs, except that of GNB3 at 2.5% (the RSD was 60.5%). These
results indicate that there may be some difficulty with regard to accuracy in applying the
ABC-PCR to determining allele frequencies of <5%. However, allele frequencies <5%
likely have a very minor importance and are usually not considered for further analysis
Chapter 4
77
Figure 4.2. Standard curves for ALDH2 (a), GNB3 (b), and HTR2A (c). GU and RU were
measured from the fluorescence intensities of green and red dyes of the negative control,
respectively. The standard curves were obtained by fitting data points to a rectangular
hyperbola. The error bars represent the standard deviation in triplicate samples.
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Table 4.2. Accuracy and precision of ABC-PCR in estimating frequencies of major alleles
ALDH2 (G/A) GNB3 (G/C) HTR2A (G/T)
True value ( ) Mean ( ) RSDa ( ) Mean ( ) RSDa ( ) Mean ( ) RSDa ( )
2.5 2.7 9.1 4.5 60.5 4.4 13.5
10.0 10.6 4.7 10.9 18.4 13.5 17.6
31.0 30.2 3.7 32.2 0.4 32.7 3.9
69.0 68.7 2.3 70.3 2.3 69.9 2.8
90.0 84.7 8.6 89.0 1.8 88.4 0.7
97.5 96.9 2.7 99.8 1.7 95.5 0.9
aRSD, relative standard deviation. All experiments were performed three times.
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(25). Therefore, ABC-PCR is satisfactory for estimating the SNP allele frequency in
practical terms.
4.3.3. SNP genotyping
We also tested the feasibility of ABC-PCR for SNP genotyping. Human genomic DNA
were amplified by PCR, and then the fluorescence intensity of each aliquot was measured.
[(GAH/GBH) GU] / [RU (RAH/RBH)] values were plotted against the genotypes that were
determined by TaqMan® SNP Genotyping Assays (Figure 4.3). The results show that
homozygous and heterozygous SNP genotypes were discriminated as clusters on the
graph. [(GAH/GBH) GU] / [RU (RAH/RBH)] values were 1.88 (A/A), 1.21 to 1.32 (A/G),
and 0.59 to 0.69 (G/G) in ALDH2; 0.90 to 1.02 (C/C), 0.58 to 0.68 (C/G), and 0.23 to
0.30 (G/G) in GNB3; and 0.08 (T/T), 0.04 to 0.03 (C/G), and 0.15 to 0.14 (G/G) in
HTR2A. This indicates that the three genotypes can be clearly distinguished from one
another by measuring the fluorescence intensity at the end-point of the reaction.
Therefore, ABC-PCR is also applicable to SNP genotyping.
4.4. Conclusion
We have demonstrated a simple, cost-effective method of estimating SNP allele
frequency. This method has several advantages, as follows. (i) This method can be used
to estimate SNP allele frequency by end-point fluorescence measurement using a simple
fluorometer. Therefore, this method eliminates the need for labor-intensive and
time-consuming post-PCR procedures, such as gel electrophoresis and densitometry, and
highly specialized, expensive devices, such as a real-time PCR instrument or a
MALDI-TOF MS system. (ii) This method needs only one fluorescent probe, so its
design and optimization is simpler and more cost-effective than that of real-time PCR
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Figure 4.3. SNP genotyping results for ALDH2 (a), GNB3 (b), and HTR2A (c). The
relationship between the difference in [(GAH/GBH) GU] / [RU (RAH/RBH)] and each
genotype is shown. The genotypes were also determined by TaqMan® SNP Genotyping
Assays.
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with allele-specific probes, which needs two fluorescent probes. (iii) This method can be
used in combination with various systems that coamplify two alleles. Therefore, this
method can be applied not only to PCR systems but also to other amplification systems
such as loop-mediated isothermal amplification (LAMP) (26), rolling-circle
amplification (RCA) (27), and nucleic acid sequence-based amplification (NASBA) (28).
These systems can amplify nucleic acids under isothermal conditions, thereby allowing
the use of simple and cost-effective reaction equipment.
Another application of quantifying SNPs in pooled DNA samples is in the study of
population dynamics of pathogens, such as hepatitis B virus resistant to lamivudine (29),
fungicide-resistant crop pathogens (30), and Listeria monocytogenes (31). Furthermore,
an imbalanced allelic expression of heterozygous genes (13), which is due to X
chromosome inactivation, gene imprinting, different local promoter activities, or mRNA
stability, can be monitored by ABC-PCR. Therefore, a further development of this
ABC-PCR should lead to the widespread use of genetic tests in many fields.
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Chapter 5
Calibration-curve-free quantitative polymerase
chain reaction for specific nucleic acid
sequences
5.1. Introduction
Many analytical methods for specific nucleic acid sequence quantification have
already been developed. All popular methods, including real-time PCR (1 8) and
competitive PCR (9 11), require a calibration curve in each measurement; therefore, one
set of standard solution of known target amount should be prepared in each experiment.
Moreover, real-time PCR requires expensive equipment that consists of a thermal cycler
combined with a fluorometer for the real-time measurement of PCR products, whereas
competitive PCR requires the separation of PCR products by gel electrophoresis to
determine the ratio of the target to the competitor, a time-consuming process.
Here we have developed a very simple and cost-effective method based on the
combined use of competitive PCR and fluorescence quenching to quantify specific
nucleic acid sequences without using calibration curves. We call this method
calibration-curve-free quantitative PCR (CF-qPCR). CF-qPCR can quantify specific
nucleic acid sequences by measuring the fluorescence intensities before and after PCR
5
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using only a standard PCR instrument and a simple fluorometer; therefore, this method
requires neither expensive equipment nor methods for separating PCR products and
would allow on-site quantification in the field. We studied the feasibility of CF-qPCR for
measuring the copy number of recombinant DNA of a genetically modified (GM)
soybean, Roundup Ready soybean (RRS), as a model target and provided the basic
framework of CF-qPCR.
5.2. Principle of CF-qPCR
A scheme of CF-qPCR is shown in Figure 5.1. The technique uses a quenching probe
(QProbe) (5,6), that is, an oligonucleotide with a fluorescent dye that is quenched after
hybridization by an electron transfer to a guanine base at a particular position (5,12) in
the target. Because the competitor lacks a guanine at that particular position, the QProbe
theoretically should show full fluorescence intensity when it hybridizes with the
competitor. When the target and competitor are coamplified by PCR, and the amount of
product is enough to hybridize with all of the QProbe, the quench rate (Q, i.e., the
fluorescence intensity after PCR divided by the fluorescence intensity before PCR) is
proportional to the ratio (R) of the target to the competitor and is expressed as
R = X/(X + C) (1)
Q = QTR + QC(1 R) = (QT QC)R + QC (2)
In this experiment, X and C are the initial copy numbers of the target and competitor,
respectively, and QT and QC are the quench rates of the samples containing only the
target and competitor, respectively. Therefore, R is calculated by the following simple
equation without drawing a calibration curve:
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Figure 5.1. Scheme of CF-qPCR. The QProbe is designed to possess C bases at both ends.
The target must possess a guanine base (shown by an arrow) complementary to the C
base at the 5 end of the QProbe to quench fluorescence. The C base at the 3 end of the
QProbe must have a mismatch with the target; therefore, the base at this position in the
target must be A, T, or C. In this figure, the target has a C base at this position. The
competitor is designed to be identical to the PCR-amplified region of the target except
that the underlined G and C bases at the 3 and 5 ends of the probe binding site are
exchanged. Furthermore, some Gs near the dye in the target are changed to Cs (shown in
lowercase) because nearby guanines may partially quench the fluorescence. A previous
report revealed the relationship between the position of G in the target and the quenching
efficiency of BODIPY FL (5). The quenching was observed only when the Gs were at
four specific positions: the position complementary to the 5 end of the probe (shown by
an arrow, quenching rate = 72%), the second inside position (2%), the second outside
position (48%), and the third outside position (15%). Therefore, any Gs at the second
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outside position and the third outside position should be changed to Cs. In our
experiment, we changed the Gs at the third to fifth outside positions even though the Gs
at the fourth and fifth outside positions should have had no quenching effect. The QProbe
has only one mismatch with the target and competitor at the 3 or 5 end, and the energy
of QProbe binding to the target is considered to be the same as that to the competitor. The
QProbe probably will hybridize with the target at annealing temperature and then will be
removed, but not degraded, by the extension of sequence from the primer because the
DNA polymerase used in CF qPCR has no 5 -to-3 exonuclease activity. The 3 end of
the QProbe is modified with phosphate to prevent the extension from the QProbe. To
produce a single strand possessing the probe binding site in the resulting PCR solution,
one of the primers is added to the reaction mixture three- or fourfold the other primer,
and the QProbe hybridizes this single strand after PCR when the temperature decreases.
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R = (Q QC)/(QT QC) (3)
Although fluorescence intensity fluctuates owing to many factors, and usually is
described using an arbitrary unit, quench rate depends only on the ratio of the quenched
dye to the nonquenched dye. Therefore, once QT and QC have been measured, these two
values can be used in every experiment to calculate the ratio of the target to the
competitor in the samples, and then the initial amount of the target is calculated from the
ratio of the target to the competitor and the initial copy number of the competitor.
Consequently, in CF-qPCR, the Q value only from the sample needs to be measured in
each experiment to calculate the initial amount of the target.
5.3. Materials and Methods
5.3.1. Materials
The GM soybean (RRS) Detection Plasmid Set-ColE1/TE (Nippon Gene), which
contained linearized plasmid DNAs possessing RRS sequence at 20, 125, 1500, 20,000,
and 250,000 copies per 2.5 L, was used directly or after diluting it with distilled water.
We call this plasmid the RRS plasmid. The certified reference materials Institute for
Reference Materials and Measurements (IRMM)-410S (including 0.50 ± 0.10, 1.0 ± 0.2
and 2.0 ± 0.3% [w/w] RRS produced by the institute) were purchased from Fluka, and
the genomic DNA was extracted with the DNeasy Plant Mini Kit (Qiagen) according to
soybean curd, was purchased from various
stores in Tsukuba, Tsuchiura, and Yokohama, Japan, and was ground using a FastPrep
instrument (Bio 101). Genomic DNA was extracted with the DNeasy Plant Maxi Kit
(Qiagen) using the protocol described by the Ministry of Health, Labor, and Welfare of
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Japan (www.mhlw.go.jp/english/topics/food/pdf/sec05-1a.pdf). The concentration of the
extracted DNA was calculated from the absorbance at 260 nm measured using a DU-600
UV spectrometer (Beckman Coulter). The extracted DNA was diluted to 20 ng/ L with
distilled water.
5.3.2. Primers and probes
The sequences of the primers and probes used in this study are listed in Table 5.1. The
primers were purchased from Hokkaido System Science. The QProbe was purchased
from J-Bio 21, and the TaqMan® probe was purchased from Nippon Gene. The QProbe
was labeled at the 5 end with BODIPY FL via an aminohexyl phosphate linker having a
six-carbon spacer. The TaqMan® probe was labeled at the 5 end with the fluorescent
reporter dye 6-carboxyfluorescein (FAM) and at the 3 end with the fluorescent quencher
dye 6-carboxytetramethylrhodamine (TAMRA).
5.3.3. Construction of competitor
The sequence of the RRS fragment amplified by PCR was
3 -TCTCCGGAAATCCTAAAGTCGTAGTCACCGATGTCGGACGTACGAAGTGCC
ACGTTCGTCGGCCgggCGTTGGCGGGCGTTTAGGAGACCGGAAAGGCCTTG
GCAGGCGTAAGGGCCGCTGTTCAGCGGGT-5 (the probe binding region is in bold,
and the sequence is written from 3 to 5 , as in Figure 5.1). The competitor for RRS
(RRS-COM) possessed the same sequence but with the underlined G and C exchanged
and with ure 5.1). The ggg at this position was considered to
quench the fluorescence of the probe; thus, in RRS-COM, the ggg was changed to ccc.
The complementary strand of RRS-COM was purchased from Hokkaido System Science
and amplified by PCR with the primers RRS-F2 and RRS-R2. After PCR, the product
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Table 5.1. Primers and probes
Name Sequence (5 3 ) Reference
RRS F2 AGAGGCCTTTAGGATTTCAGCAT This study
RRS R2 TGGGCGACTTGTCGCCGG This study
RRS01 5 CCTTTAGGATTTCAGCATCAGTGG (13)
RRS01 3 GACTTGTCGCCGGGAATG (13)
RRS-QPC (BODIPY
FL)-CAACCGCCCGCAAATCCTCTC-(phosphate)
This study
RRS-Taq (FAM)-CGCAACCGCCCGCAAATCC-(TAMRA) (13)
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was purified using a Microcon YM-50 spin column (Millipore), and the sequences were
confirmed by DNA sequencing.
5.3.4. Calibration-curve-free quantitative PCR
CF-qPCR was carried out using an ABI PRISM 7900HT sequence detection system
(Applied Biosystems). The reaction mixture (25 L) contained 50 ng of sample DNA or
2.5 L of the RRS plasmid set, 1 L of the competitor, 0.1 M QProbe RRS-QPC, 0.3
M forward primer RRS01-5 , 1.0 M reverse primer RRS01-3 , 200 M of each primer
(dATP, dCTP, and dGTP), 600 M dUTP (Roche Diagnostics), 1 PCR buffer (10
Gene Taq Universal Buffer, Nippon Gene), 0.025 U DNA polymerase (Gene Taq, Nippon
Gene), 0.125 M BD TaqStart Antibody (BD Biosciences Clontech), 0.25 U uracil-DNA
glycosylase (heat labile, Roche Diagnostics), and 1 mM MgCl2. Uracil-DNA glycosylase
in the reaction mixture was used to prevent the carryover contamination of PCR products,
and the glycosidase reaction was performed during the preparation of the reaction
mixture at room temperature before PCR. The PCR conditions were as follows: initial
denaturation at 95 C for 2 min, 60 cycles of denaturation at 95 C for 30 s, annealing
and extension at 59 C for 1 min, and final extension at 72 C for 2 min. The PCR was
performed in triplicate for each template DNA. The fluorescence intensity of each aliquot
was measured at 59 C before and after PCR. In CF-qPCR, we used more cycles (60)
than usual to obtain sufficient PCR product that could hybridize with all of the QProbe in
the reaction mixture.
5.3.5 Real-time PCR with TaqMan® probe
Real-time PCR was carried out using an ABI PRISM 7900 HT according to a report by
the Ministry of Health, Labor, and Welfare of Japan (www.mhlw.go.jp/english/topics/
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food/pdf/sec05-1a.pdf). The reaction mixture contained 50 ng of sample DNA or 2.5 L
of the RRS plasmid set, 0.2 M TaqMan® Probe RRS-Taq, 0.5 M of each primer, and 1
TaqMan® Universal PCR Master Mix (Applied Biosystems) in a total volume of 25
L. The PCR conditions were as follows: 50 C for 2 min, 95 C for 10 min, and 45
cycles of 95 C for 30 s and 59 C for 60 s. Real-time PCR was performed in triplicate
for each template DNA. Results were analyzed using ABI PRISM 7900 HT software
(version 2.1, Applied Biosystems).
5.4. Results and Discussion
5.4.1. Measurement of QT, QC, and C
The GM soybean In CF-qPCR, the resulting PCR solution must contain a sufficient
amount of PCR product to hybridize with all of the QProbe. To ensure this, we amplified
40, 250, 3000, 40,000, and 500,000 copies of RRS plasmid with the QProbe and
measured the Q value. Results showed that the Q value of the 40-copy sample was high,
whereas the Q values of the other samples were the same (data not shown). This
indicated that more than 250 copies of the template (target plus competitor) in the initial
reaction mixture could provide a sufficient amount of PCR product. Then we determined
QT and QC. When the reaction mixtures containing 600 copies of the RRS plasmid were
amplified by CF-qPCR in triplicate, the mean quench rate (QT) was 0.38. This denotes
that the quenching efficiency was 62%. In Refs. (14) and (5), the quenching efficiencies
of the fluorescent dye, BODIPY FL, by the guanine complementary to the cytosine at the
50 end of the probes have been reported to be 62 and 72%, respectively. Therefore, the
QT value of 0.38 is considered to be reasonable. When the reaction mixture containing 1
L of the stock solution of the competitor RRS-COM was amplified in triplicate, the
mean quench rate (QC) was 0.75, although the competitor was designed not to quench the
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QProbe. This quenching might be caused by guanine bases in the competitor that, after
hybridization, are close enough to the fluorescent dye to partially interact with it. Then
these two values were introduced into eq. 3, and the following equation was used in all
experiments to calculate the ratio (R) of the target to the competitor from the measured
quench rate (Q):
R = (Q 0.75)/(0.38 0.75)
Because the competitor was prepared by PCR, its concentration was unknown. To
ascertain the copy number of the competitor (C) in the stock solution, reaction mixtures
containing various amounts of the RRS plasmid and 1 L of the stock solution of the
competitor RRS-COM were coamplified by CF-qPCR. The ratio of the target to the
competitor was assumed to be 1:1 when the quench rate (Q) was one-half the (QT + QC).
As a result, the C had 460 copies. In subsequent experiments, this value was used to
calculate the initial copy number of the target from the ratio.
5.4.2. Measurement of recombinant DNA using RRS plasmid
We carried out PCR with 125, 600, and 1500 copies of the RRS plasmid against 460
copies of the competitor, and the copy number of the recombinant DNA was calculated
using the values obtained above. The experiments were carried out 4 times per week for
3 weeks. The results of these 12 runs are summarized in Table 5.2. The results show that
the range of values for the three different copy numbers (125, 600, and 1500) never
overlapped each other. The result of 600 copies of RRS plasmids exhibited the most
accurate and reproducible value with a relative standard deviation (RSD) of 23.6. In
contrast, the results of 125 and 1500 copies of RRS plasmids were widely dispersed with
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Table 5.2. Reproducibilities of CF-qPCR using RRS plasmid
True value Measured recombinant DNA for reaction (copies)
(copies) 1 2 3 4 5 6 7 8 9 10 11 12
Mean
(copies)
SDa
(copies)
RSDb
( )
125 171 76 145 176 179 133 48 27 70 113 144 100 115 51 44.3
600 586 555 668 659 972 665 558 476 605 738 844 980 692 163 23.6
1500 1406 1132 1285 1704 2441 1300 1261 1159 1026 1796 2345 1814 1556 469 30.1
aSD, standard deviation. bRSD, relative standard deviation.
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RSDs of 44.3 and 30.1, respectively. The accuracy and precision in competitive PCR
depend on the ratio of the target to the competitor. Theoretically, the most accurate values
can be obtained when the copy numbers of the target and competitor are the same. In this
experiment, as expected, the most accurate values were obtained when the copy numbers
of the target and competitor were the closest. According to previous reports (15,16), the
threshold of RSD for GMO measurement is 20 or 25%. The results of 600 copies were
barely in the satisfactory range, but the others were not. In this experiment, the QT and
QC were also measured every time, and as a result the QT and QC values were 0.35 to
0.40 and 0.74 to 0.92, respectively. Using the QT and QC of each measurement, the copy
number was recalculated, but the results were similar to those calculated using eq. 4 (data
not shown). These results indicate that the measurements of the QT and QC are not
required in each experiment.
5.4.3. Measurement of RRS in soybean samples
We determined the copy number of the recombinant DNA in soybean samples using
the certified reference materials IRMM-410S (including 0.50 ± 0.10, 1.0 ± 0.2, and 2.0 ±
0.3% [w/w] RRS). We amplified 50 ng of DNA extracted from the soybean. It has been
reported that 50 ng of soybean DNA contains approximately 40,000 copies of the
genome (17); therefore, 50 ng of DNA from 0.5, 1, and 2% RRS is expected to contain
approximately 200, 400, and 800 copies of the recombinant DNA, respectively. The copy
number of the recombinant DNA was measured by CF-qPCR as well as by real-time
PCR. The experiments were carried out three times on different days, and the mean value,
standard deviation (SD), and RSD at each level of RRS content were calculated (Table
5.3). The mean values of CF-qPCR were similar to those of real-time PCR at every level
of RRS content, but the RSDs of CF-qPCR were higher. This indicates that CF-qPCR has
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Table 5.3. Accuracy and precision statistics for both quantitative methods
Measured
recombinant DNA for
reaction (copies)
Method
RRS content
( ) 1 2 3
Mean
(copies)
aSD
(copies)
bRSD
( )
CF-qPCR 0.50 0.10 303 152 195 217 78 36.0
1.0 0.2 358 429 410 399 37 9.2
2.0 0.3 557 530 601 563 36 6.4
Real-time PCR 0.50 0.10 191 234 245 224 29 12.8
1.0 0.2 443 394 449 429 30 7.1
2.0 0.3 576 572 634 594 34 5.8
aSD, standard deviation. bRSD, relative standard deviation.
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a similar accuracy to, but a lower precision than, the real-time PCR. As shown in Table
5.3, the RSDs in CF-qPCR for the samples containing 1.0 and 2.0% RRS were less than
20%; therefore, the precision of CF-qPCR was satisfactory. The RSD of the 0.5% RRS
sample obtained by using CF-qPCR was high and beyond the satisfactory range. The
mean values of the 2.0% RRS sample measured by both methods were similar but lower
than the expected value (~800 copies), probably because of an error in the measurement
of the amount of extracted genomic DNA using the UV spectrometer.s
5.4.4. Measurement of RRS in processed food
We purchased 147 samples of tofu as processed food and succeeded in extracting DNA
of good purity from 84 samples. When the copy number of the recombinant DNA in 50
ng of DNA extracted from the 84 samples was measured using real-time PCR, the copy
number in 3 samples was more than 125 copies and the copy number in 81 samples was
less than 125 copies (including 30 samples of non-RRS) (data not shown). We chose the
3 samples with more than 125 copies of the recombinant DNA and measured the copy
number using CF-qPCR. The experiments using both methods were carried out once. As
shown in Table 5.4, the results of CF-qPCR correlated with those of real-time PCR,
although the sample of the lowest copy number showed a large difference in the values.
The results show that CF-qPCR is also applicable to processed foods.
5.4.5. Advantages of CF-qPCR
CF-qPCR has unique advantages over conventional quantitative methods. CF-qPCR
requires no calibration curves; therefore, the measurement of the Q value from only the
sample is sufficient to calculate the copy number of the target gene. Moreover, CF-qPCR
requires only a standard PCR machine and a fluorometer. Therefore, the equipment
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required for CF-qPCR can be made sufficiently portable to take into the field, and in this
case on-site measurement could be performed.
CF-qPCR can be particularly useful as the initial test in applications where the only
concern is whether the percentage of contaminant is below a legal threshold. For instance,
the threshold for the unintentional mixing of GMOs that require no labeling is defined as
0.9% in the European Union (18 21), and CF-qPCR can be applied to the inspection of
foods containing GMOs. When a portable CF-qPCR machine is developed, inspectors
could test samples on-site and determine whether the samples are contaminated in
accordance with the law. If the results do not differ from the threshold by more than the
error, inspectors should take the samples to their laboratory and test
the samples using more precise techniques such as real-time PCR. Thus, CF-qPCR could
be particularly useful for the initial test of GM content.
In our experiment, we used a real-time PCR machine, the ABI Prism 7900 HT, for
CF-qPCR because there were no suitable fluorometers for CF-qPCR and because we
intended to compare the performance of CF-qPCR with that of real-time PCR. The ABI
Prism 7900 HT and the standard PCR machine possess basically the same thermal
cycling mechanism, and the thermal cycling performances for PCR of those machines in
our laboratory were nearly the same. Therefore, we consider that we could obtain
essentially identical results with a standard PCR machine. We hope that a cost-effective
portable fluorometer suitable for CF-qPCR will be developed to make use of the unique
advantage of CF-qPCR.
We previously developed a similar method, designated the alternately binding probe
competitive assay (ABC assay) (22), which uses a fluorescent probe that possesses two
different fluorescent dyes at both ends and binds to either the target or the competitor.
The ABC assay, however, also requires a calibration curve in each measurement.
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Contrastingly, CF-qPCR does not require any calibration curves.
The QProbe must possess a cytosine at the 5 end, and the target must possess a
guanine at the complementary position. The specificity of the QProbe is required only
within the PCR product containing the target site because the copy number of sample
DNA in the initial reaction mixture is much less than that of the QProbe, and so the
quenching by the hybridization with the nontarget part in the sample DNA is negligible.
Therefore, many guanine bases in the PCR product can be suitable for QProbe binding
sites, and the design of the QProbe is easy. In this study, the QProbe was designed to be
quenched when it hybridizes with the target. There is another way of designing the
QProbe and competitor. The QProbe can be designed so that it is quenched not by the
target but rather by the competitor. In this case, the target must possess a guanine at the
position complementary to the 3 end of the probe.
5.5. Conclusion
In summary, we have developed a simple quantitative PCR method for specific nucleic
acid sequences, called CF-qPCR, and provided the basic framework of this method. The
performance of CF-qPCR is satisfactory for determining a rough approximation of the
copy number of the target gene, although the precision of CF-qPCR is lower than that of
real-time PCR. CF-qPCR has broad applications to the quantification of specific nucleic
acid sequences in biological and biomedical research. CF-qPCR will be particularly
attractive for on-site rough quantification as the initial test. In this article, we have
provided only the basic framework, and others will need to validate the limitations and
capabilities for specific applications.
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Alternately binding quenching probe
competitive loop-mediated isothermal
amplification for specific nucleic acid
sequences quantification
6.1. Introduction
Many analytical methods for specific nucleic acid sequence quantification have
already been developed. However, it has been expected in various fields to develop
simpler, more rapid, more cost-effective, and more accurate methods for the quantitative
detection of specific nucleic acid sequences. For example, in wastewater treatment,
ammonia oxidation is the limiting factor in nitrogen removal; thus, monitoring the
population of ammonia-oxidizing bacteria is required for the stable removal of nitrogen
from wastewater. Monitoring can be performed by real-time PCR targeting amoA, which
encodes the key enzyme in ammonia oxidation in ammonia-oxidizing bacteria. However,
real-time PCR requires specific and expensive equipment, and moreover, inhibitors of
DNA amplification included in the samples often give a smaller value than the actual
value. The DNA extracted from bacterial samples in wastewater treatment plants often
includes inhibitors of DNA amplification such as humic acid (1) and urea (2). Therefore,
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new methods that enable accurate quantification in the presence of DNA amplification
inhibitors are required, and the development of simpler and more cost-effective methods
than real-time PCR is essential for monitoring ammonia-oxidizing bacteria daily in
wastewater treatment facilities.
Loop-mediated isothermal amplification (LAMP) is a novel nucleic acid amplification
method that relies on autocycling strand displacement DNA synthesis performed using
the Bst DNA polymerase large fragment (3) and a large amount of DNA can be
synthesized in a short time (15 60 min). LAMP enables nucleic acid amplification under
isothermal conditions ranging from 60 to 65 °C, and therefore, LAMP can be performed
using an incubator or a water bath instead of a thermal cycler. In contrast to other
isothermal amplification systems such as rolling circle amplification (4), LAMP can be
used to directly amplify specific sequences, and it does not require a denatured DNA
template (5). Recently, quantitative techniques for specific nucleic acid sequences with
LAMP have been described (5 8). However, these techniques require a real-time
monitoring of amplification products, thereby having two limitations. First, these
techniques require a specialized device. Second, inhibitors of DNA amplification may
compromise results. A competitive assay in combination with LAMP has not been
developed to date, because there is no technique suitable for measuring the ratio of the
product amplified from the target to that amplified from the competitor.
Here, we have developed a novel technique called alternately binding quenching probe
competitive LAMP (ABC-LAMP), in which the ABC assay (9) is combined with LAMP
for the simple, rapid, and reliable quantitative detection of specific DNA sequences.
Because LAMP results in extremely large amounts of amplified products, the red dye in
the ABProbe for measuring unbound probes is not required. The new probe used in
ABC-LAMP is only labeled at the 5 end with a green dye and is more cost-effective than
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the dually labeled ABProbe. We named this new probe the alternately binding quenching
probe (AB-QProbe). Using ABC-LAMP, we quantified amoA from ammonia-oxidizing
bacteria as a model target. To our knowledge, this is the first report of a technique that
combines competitive assay and LAMP.
6.2. Principle of ABC-LAMP
A scheme of the proposed method is shown in Figure 6.1. The AB-QProbe is a singly
labeled oligonucleotide bearing a fluorescent dye that is quenched by electron transfer to
a guanine base at a particular position (11,12) at the 5 end. The competitor is designed
by exchanging guanine and cytosine bases at the 3 and 5 ends of the probe-binding site
in the target. When the guanine bases are located near the outside position of the binding
site for the 5 side of the probe, these guanine bases are replaced by cytosine bases.
Because the competitor lacks guanine at this particular position, the AB-QProbe shows a
full fluorescence intensity upon hybridization with the competitor. Moreover, we
considered that the probe has almost the same affinity to both the target and competitor
because the only difference in the probe-binding site is the position of the C-C mismatch
at the 3 or 5 end. Therefore, when the amounts of the target and competitor are
sufficient for their hybridization with the entire amount of AB-QProbe, the fluorescence
intensity obtained reflects the ratio of the target to competitor. For the quantification of
the target, the target and competitor in a mixture are amplified by LAMP using the
AB-QProbe. The efficiencies of the target and competitor amplification in LAMP are
considered to be the same because their sequences differ in only four bases that are
located near the probe-binding site and their G+C contents are the same. Consequently,
the ratio of the target to the competitor remains constant throughout the LAMP reaction.
Using the following equation, the amount of the target (X) can be calculated from the
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Figure 6.1. Schematic representation of ABC-LAMP. The AB-QProbe hybridizes with
the loop in the stem-loop structure derived from the target DNA or competitor DNA. The
cauliflower structures of LAMP products contain two or more loops to which the probes
can hybridize (10). The target shown here as an example possesses a C base at the 5¢ end
of the probe-binding site; however, the presence of another base, i.e., A or T, is also
accepted in this method. The competitor has the same sequence as the target, except that
the G and C bases in boldface are replaced by C and G bases, respectively.
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fluorescence intensities measured at the beginning (Fb) and end (Fe) of the LAMP of the
target mixed with a known amount of the competitor (C) and the probe:
Fe/Fb = FT[X/(X + C)] + FC[C/(X + C)]
= [C(FC FT)/(X + C)] + FT
where FT and FC represent the Fe/Fb of the reaction mixture containing only the target
and the competitor, respectively. This equation shows that Fe/Fb and X have a
relationship indicated by a rectangular hyperbola.
6.3. Materials and Methods
6.3.1. Bacterial culture
Nitrosomonas europaea (NBRC 14298) as a representative ammonia-oxidizing
bacteria was purchased from the National Institute of Technology and Evaluation,
Biological Resource Center (NBRC) and cultured in NBRC liquid media 240 and 829.
The culture was incubated at 28 °C in the dark with periodic pH adjustment.
6.3.2. DNA extraction and purification
DNA was extracted from 0.5 g (wet weight) of cultured cells using a Bio 101 FastDNA
SPIN kit (for soil) (Qbiogene) as described by the manufacturer. Extracted DNA was
purified using Microcon YM-50 (Millipore) and quantified using a Pico Green dsDNA
Quantitation kit (Molecular Probes) as described by the manufacturer.
6.3.3. Oligonucleotides
The sequences of the primers and probe used in this study are listed in Table 1. The
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primers were purchased from Hokkaido System Science Co., Ltd. The ABQProbe was
purchased from J-Bio 21 Corp. The AB-QProbe was labeled at the 5 end with BODIPY
FL via an aminohexyl phosphate linker having a six-carbon spacer and at the 3 end with
phosphate.
6.3.4. Construction of target DNA and competitor DNA
DNA extracted from N. europaea was amplified using the primer set amoA-1FF and
amoA-2R, and a 636-bp fragment of amoA was obtained. This fragment was used as the
target DNA. The competitor DNA was constructed by the overlap extension method (13).
Two primers, ISF and ISR, were designed to generate a competitor that differs from the
amoA sequence by 4 bp. These unrelated sequences and their complements are
underlined in the ISF and ISR sequences, as shown in Table 6.1. Two separate
amplifications were carried out using two primer sets, amoA-1FF/ISR and ISF/amoA-2R,
using DNA extracted from N. europaea as the template. The two amplification products,
which contain the amoA fragment and a single 28-bp overlapping region, were mixed,
annealed, and amplified with an outside primer set consisting of amoA-1FF and
amoA-2R to obtain a 636-bp DNA fragment. Subsequently, the PCR products of the
target DNA and competitor DNA were purified using Microcon YM-50 (Millipore). The
concentrations of purified products were determined using a Pico Green dsDNA
Quantitation kit (Molecular Probes), and the sequences were confirmed by DNA
sequencing.
6.3.5. ABC-LAMP
ABC-LAMP was carried out using an ABI PRISM 7900 HT (Applied Biosystems).
LAMP reaction was performed according to a previous report18 with slight
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Table 6.1. The sequences of primers and probe
name sequence (5 3 )a positionb ref
Primer
amoA-1FF CAATGGTGGCCGGTTGT 187 203 (14)
amoA-2R-TG CCCCTCTGGAAAGCCTTCTTC 802 822 (15)
ISF GACTTGAGGGTGTATCTGACACGCAACTGGCTCGTG 408 444 this study
ISR AGTTGCGTGTCAGATACACCCTCAAGTCCAGCATCAG 399 436 this study
FIP CGAAGAATCCACCTCCAACCACCGGGCATTATGCTTC F2: 374 392
F1c: 454 472
(8)
BIP CTGCTGTTCTATCCGGGTAGTCCCATGTAATCAGCCATC B1c: 475 493
B2: 552 571
(8)
F3 TCTACTGGTGGTCACACT 338 355 (8)
B3 GAACATACTCGGGTGTACC 588 607 (8)
LPF AAGTCCAGCATCAGCGCACC 394 413 this study
LPB GGACCAACCCATTTGCCAATCGT 508 530 this study
Probe
ABQP-amoA (BODIPY FL)-CTGTATCTGACACGCAACTGGCTC-(phosphate) 418 441 this study
aThe underlined bases are the regions that differ from those in the amoA sequence for generating the competitor. bThe
position is based on the open reading frame of amoA of N. europaea.
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modifications. The reaction mixture (25 L) contained 0.15 M ABQP-amoA, 0.8 M
each of FIP and BIP, 0.2 M each of F3 and B3, 0.4 M each of LPF and LPB, 400 M
dNTPs, 1 M betaine, 20 mM Tris-HCl (pH 8.8), 10 mM KCl, 10 mM (NH4)2SO4, 4 mM
MgSO4, 0.1% Triton X-100, and 8 units of the Bst DNA polymerase large fragment (New
England Biolabs). The mixture was incubated at 59 °C for 60 min. LAMP was performed
in triplicate for each template DNA, and the no-template control contained water instead
of the template. The fluorescence intensity of each aliquot was measured at the beginning
and end of the reaction. The standard curves were obtained by fitting data points to a
rectangular hyperbola, and the copy number of amoA in each sample was calculated
using the standard curve.
6.3.6. Real-time PCR
Real-time PCR was carried out using an ABI PRISM 7900 HT (Applied Biosystems).
The reaction mixture (25 L) contained 0.4 M each of F3 and B3, 250 M dNTPs, 1
PCR buffer, 1 unit of TaKaRa Taq Hot Start Version (TaKaRa), and 1:40 000 dilution of
SYBR Green I (Molecular Probes). PCR conditions were as follows: an initial
denaturation at 94 °C for 2 min; 40 cycles of denaturation at 94 °C for 30 s, annealing at
54 °C for 30 s, and extension at 72 °C for 30 s; and a final extension at 72 °C for 2 min.
Real-time PCR was performed in triplicate for each template DNA. Results were
analyzed using ABI PRISM 7900HT Sequence Detection System software 2.1 (Applied
Biosystems).
6.3.7. Real-Time turbidimetry of LAMP
Real-time turbidimetry of LAMP was carried out using a real-time turbidimeter
(Loopamp LA-200, Teramecs) for real-time monitoring of the increase in turbidity
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derived from magnesium pyrophosphate, which is a byproduct of LAMP reaction. The
reaction mixture and conditions were the same as those described for ABC-LAMP except
that no ABQP-amoA and Triton X-100 were added. Real-time turbidimetry of LAMP
was performed in triplicate for each template DNA.
6.3.8. Inhibition experiments
To evaluate the power of normalization, the target DNA at a fixed amount (106 copies)
was quantified in the presence of graded amounts of humic acid, urea, and Triton X-100
as an inhibitor of DNA amplification by ABC-LAMP, real-time PCR, and real-time
turbidimetry of LAMP. Humic acid was purchased from Fluka.
6.4. Results and Discussion
6.4.1. Standard curve
We tested the feasibility of ABC-LAMP for the quantitative detection of specific DNA
sequences using amoA as a model target. Various amounts of the target DNA, ranging
from 104 to 108 copies in the presence of 106 copies of the competitor DNA were
prepared. The DNA mixtures were amplified by LAMP, and the fluorescence intensity of
each aliquot was measured at the beginning and end of the reaction. Fe/Fb was plotted
against the starting quantity of the target DNA (copy numbers) as shown in Figure 6.2.
The results show that the Fe/Fb values obtained from three replicates per dilution showed
good fitting to the rectangular hyperbola with an R of 0.9995. The standard deviation
(SD) of three replicate samples was less than 0.02 for 104 108 copies. The dynamic range
of the ABC-LAMP was found to cover ~100-fold magnitude. Owing to the nature of the
competitive assay, the dynamic range was ~100-fold; however, by fixing the amount of
competitor DNA and diluting unknown samples in a series of 100-fold dilutions (three
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Figure 6.2. Typical standard curve. The competitor at a fixed amount (106 copies) was
coamplified with various amounts of the target DNA (104, 105, 3 105, 106, 3 106, 107,
and 108 copies) in three replicates per dilution. The standard curve was obtained by
fitting the data points to a rectangular hyperbola. y = [356590/(x + 1258300)] + 0.75846;
R was calculated to be 0.9995. The error bars represent the standard deviation of three
replicates per dilution.
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dilutions, covering a 106 dynamic range) or adding the competitor DNA to the unknown
samples in several series of dilutions, the dynamic range of ABC-LAMP can be adjusted
to cover a wider concentration range of the target DNA. Because the dynamic range of
the current real-time PCR is ~106-fold, ABC-LAMP has a dynamic range similar to that
of real-time PCR. In addition, the quantification limits of ABC-LAMP, real-time
turbidimetry of LAMP, and real-time PCR for amoA were 104, 104, and 103 copies,
respectively (data not shown). This indicates that the quantification limits in ABC-LAMP
and real-time turbidimetry of LAMP were slightly higher than that in real-time PCR. In
general, the quantification limits in quantitative PCR and LAMP depend critically on the
capability of the primer set. In this study, the same primer set was used for ABC-LAMP
and real-time turbidimetry of LAMP. In contrast, the primer set used for real-time PCR
was different from that used for LAMP. Therefore, we considered that the difference in
the quantification limit between the quantitative methods was due to the capability of the
primer set used in this study. If the primer set has similar capabilities in ABC-LAMP and
real-time PCR, the sensitivities of these methods may be similar.
6.4.2. Accuracy of ABC-LAMP
To determine the accuracy of ABC-AMP, we quantified amoA in 1.5, 5.0, 10, and 20
ng of genomic DNA extracted from N. europaea, using ABC-LAMP. Real-time PCR was
also applied to the same samples, and the results were compared. The experiments were
repeated three times, and the mean number of amoA copies and SD at each amount of
genomic DNA were calculated. According to a previous report (16), the N. europaea
genome consists of a single circular chromosome of 2 812 094 bp and has two copies of
amoA per cell. Thus, 1.5, 5.0, 10, and 20 ng of genomic DNA have about 4.9 105, 1.6
106, 3.2 106, and 6.5 106 copies of amoA, respectively. Figure 6.3 shows that the
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Figure 6.3. Quantification of amoA in genomic DNA of N. europaea. amoA was
quantified by ABC-LAMP (open circle) and real-time PCR (solid circle) in three
replicates per dilution. All experiments were performed three times. The dashed line
corresponds to the true values. The error bars represent the standard deviation of three
independent experiments.
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results of ABC-LAMP strongly correlated with true values and those of real-time PCR.
This indicates that ABC-LAMP can accurately quantify specific DNA sequences and has
an accuracy similar to real-time PCR.
6.4.3. Inhibition experiments
The power of normalization of ABC-LAMP was assessed in inhibition experiments
using humic acid, urea, and Triton X-100. These substances were found to inhibit DNA
amplification in a dose-dependent manner (1,2). In particular, humic acid and urea are
controversial for treating natural environmental samples such as activated sludge and soil.
First, the target DNA at a fixed amount (106 copies) with humic acid in graded amounts
was quantified using ABC-LAMP, real-time PCR, and real-time turbidimetry of LAMP.
The experiments were repeated three times using three different quantitative methods.
The mean number of amoA copies, SD and relative standard deviation (RSD) at each
concentration of inhibitors were calculated. In the case of using real-time PCR, the
measured values were lower than the true values at humic acid concentrations of 2.0 and
4.0 g/mL in a dose-dependent manner, and no amoA was detected at humic acid
concentrations higher than 6.0 g/mL (Figure 6.4A). The RSDs of real-time PCR were
7.0 and 50.7% at humic acid concentrations of 2.0 and 4.0 g/mL, respectively. In the
case of using the real-time turbidimetry of LAMP, the measured values were lower than
the true values at humic acid concentrations of up to 8.0 g/mL in a dose-dependent
manner. The RSDs of the real-time turbidimetry of LAMP were in the range of
14.9 75.4% at humic acid concentrations from 2.0 to 8.0 g/mL. These results indicate
that PCR and LAMP reaction were significantly inhibited by humic acid; therefore, the
measured values from real-time PCR and real-time turbidimetry of LAMP were lower
than the true values. In contrast, in the case of using ABC-LAMP, the measured values
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Figure 6.4. Inhibition experiments using humic acid (A), urea (B), and Triton X-100 (C)
in graded amounts. The target DNA at a fixed amount (106 copies) was quantified as a
sample in three replicates per dilution. All experiments were performed three times.
amoA was quantified by ABC-LAMP (open circle), real-time PCR (solid circle), and
real-time turbidimetry of LAMP (open triangle). The dashed line corresponds to the true
values. No amoA was detected at humic acid concentrations higher than 6.0 g/mL (A)
and at urea concentrations higher than 300 mM (B) by real-time PCR. amoA cannot be
measured when Triton X-100 was used (C). The error bars represent the standard
deviation of three independent experiments.
Chapter 6
121
were almost similar to the true values at humic acid concentrations of up to 8.0 g/mL.
The RSDs of ABC-LAMP were in the range of 3.9 15.0% at humic acid concentrations
from 2.0 to 8.0 g/mL. These results indicate that ABC-LAMP enables the correct and
reproducible quantification of DNA in the presence of inhibitors that compromise the
values measured by real-time PCR and real-time turbidimetry of LAMP. ABC-LAMP
enables the accurate quantification of DNA as long as the amounts of the amplification
products from the target and competitor are sufficient for their hybridization with the
entire amount of the AB-QProbe at the end-point amplification, even if DNA
amplification efficiencies were low. Moreover, similar data were obtained when urea and
Triton X-100 were used (Figure 6.4B and C). amoA cannot be quantified by real-time
turbidimetry of LAMP using Triton X-100. This is because Triton X-100 exhibits
turbidity at 59 °C, thereby affecting the results of real-time turbidimetry. Therefore,
ABC-LAMP is more effective than real-time PCR and real-time turbidimetry of LAMP
for measurements in the presence of inhibitors such as humic acid, urea, and Triton
X-100.
6.5. Conclusion
We have demonstrated a novel technique for a simple, rapid and reliable quantitative
detection of specific DNA sequences. This method has several major advantages as
follows: (i) The LAMP method has advantages over the PCR method, namely, reaction
simplicity, high specificity, and high amplification efficiency. In addition, because LAMP
does not require complicated thermal cycling steps (an isothermal reaction at 60 65 °C),
heating in a short time (15 60min) using a simple incubator such as a water bath or a
block heater is sufficient to amplify DNA to detectable levels. (ii) ABC-LAMP can
quantify specific DNA sequences by only measuring the fluorescence intensities at the
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beginning and end of the reaction, so that this technique entails no specialized devices for
real-time monitoring of amplification products. This can markedly reduce the cost.
Moreover, because this technique uses the competitor as an internal standard, this
technique enables a reliable quantification of DNA in biological samples that contain any
inhibitors of DNA amplification. (iii) In ABC-LAMP, a singly labeled probe can be used,
so its design and synthesis are simpler and more cost-effective than the dually labeled
ABProbe in ABC assay described in reference 12. ABC-LAMP provides a new technique
for quantifying trace amounts of template DNA using a simple apparatus. Moreover,
LAMP is also applicable to RNA upon the use of reverse transcriptase together with
DNA polymerase (17,18). Therefore, a further development of ABC-LAMP should lead
to the widespread use of quantitative genetic tests in many fields.
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7.1. General conclusions
Nucleic acids (DNA and RNA) are among the most fundamental molecules in all life
forms. Many analytical methods for specific nucleic acid sequence quantification have
already been developed. In particular, PCR-based methods have been most widely used in
many scientific fields, such as clinical diagnostics, agricultural and food chemistry, and
environmental microbiology, because of their high sensitivity and reproducibility.
However, these methods have crucial disadvantages as follows: (i) Real-time PCR rests
essentially on the assumption of equal amplification efficiencies for samples and
standards; therefore, the accuracy and applicability of real-time PCR depend critically on
the purity of the template because PCR inhibitors may compromise results or even lead to
false negative results. In addition, real-time PCR requires highly specialized, expensive
devices equipped with a fluorometer and a thermal cycler for real-time fluorescence
measurement. (ii) Conventional competitive PCR requires labor-intensive and
time-consuming post-PCR procedures for the separation of PCR products by gel
electrophoresis to determine the ratio of the target to the competitor; this results in poor
rapidity, low sensitivity, low reproducibility, and a high risk of carryover contamination.
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To overcome these limitations, we have developed novel quantitative methods for specific
nucleic acid sequences. In addition, we have applied these methods to the examination of
GM soybean, ammonia monooxygenase (amoA), and SNP allele frequency. The key
feature of these novel methods is the fluorescence quenching phenomenon in which the
fluorescence of a dye is quenched by electron transfer to a guanine base at a particular
position.
In chapter 2, I described the application of QProbe-PCR, which is a fluorescence
quenching-based real-time PCR method, to examine of GM soybean. QProbe-PCR is a
simple and cost-effective real-time PCR assay in comparison with other real-time PCR
assays such as TaqMan® assay. QProbe-PCR has several advantages over TaqMan®
assay as follows: (i) The design and synthesis of probes are simpler and more
cost-effective. (ii) Melting curve analysis can be performed after PCR, so one can easily
confirm whether the obtained PCR products include the expected sequences, and
consequently, eliminate pseudopositive results. We used QProbe-PCR for examining GM
soybean (Roundup Ready soybean). We designed event-specific QProbes for Le1 (soy
endogenous gene) and RRS (recombinant gene), and we examined certified reference
materials containing 0.1, 0.5, 1, 2, and 5% GM soybean. TaqMan® assay was also applied
to the same samples, and the results were compared. The accuracy of QProbe-PCR was
similar to that of TaqMan® assay. When the GM soybean content was 0.5% or more, the
relative standard deviations of QProbe-PCR were less than 20%. QProbe-PCR is
sufficiently sensitive for monitoring labeling systems and has acceptable levels of
accuracy and precision.
In chapter 3, I described a simple, cost-effective, and accurate method for the
quantification of specific nucleic acid sequences by the combined use of competitive PCR
and a sequence-specific fluorescent probe that binds to either the target or the competitor,
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referred to as the alternately binding probe (ABProbe). We called this method alternately
binding probe competitive PCR (ABC-PCR). In this method, the target and competitor are
coamplified with the ABProbe, and then fluorescence intensity is measured. The ratio of
the target to the competitor can be calculated from the fluorescence intensity of the
ABProbe on the basis of fluorescence quenching, that is, the starting quantity of the target
is successfully calculated by end-point fluorescence measurement. Therefore, this method
eliminates the complex post-PCR steps and expensive devices for real-time fluorescence
measurement. We quantified amoA as a model target by ABC-PCR and real-time PCR. By
comparison, the sensitivity, accuracy, and precision of ABC-PCR were similar to those of
real-time PCR. Moreover, ABC-PCR enabled the accurate DNA quantification even when
PCR was inhibited by humic acid; therefore, this method is applicable to biological
samples that contain PCR inhibitors.
In chapter 4, I described the application of ABC-PCR to estimation of single-nucleotide
polymorphism (SNP) allele frequency. Estimation of SNP allele frequency in pooled DNA
samples is a promising approach to clarifying the relationships between SNPs and
diseases. We prepared DNA pools of PCR products derived from homozygous samples of
three different SNPs (ALDH2, GNB3, and HTR2A) in different portions, and the allele
frequencies of these samples were estimated by ABC-PCR. Two alleles were coamplified
by PCR with a fluorescent probe that binds to either allele, and then fluorescence intensity
was measured using a simple fluorometer. The ratio of the two alleles was calculated from
the fluorescence intensity of the probe at the end-point. The estimated allele frequencies
strongly correlated to the expected ratios for all the three SNPs with high accuracy. When
the allele frequencies were more than 5%, the relative standard deviations of ABC-PCR
were less than 20%. Moreover, we also confirmed that this method was applicable to SNP
genotyping. This method is suitable for large-scale studies of SNPs and has a wide
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application range.
In chapter 5, I described a simple method for quantifying specific nucleic acid
sequences without using calibration curves. This method is based on the combined use of
competitive PCR and fluorescence quenching. We amplified the target from DNA samples
and competitor with a sequence-specific fluorescent probe using PCR and measured
fluorescence intensity before and after PCR. The fluorescence of the probe is quenched by
guanine bases on hybridization with the target, whereas the fluorescence is not quenched
on hybridization with the competitor. Therefore, quench rate (i.e., fluorescence intensity
after PCR divided by fluorescence intensity before PCR) is always proportional to the
ratio of the target to the competitor. Consequently, we can calculate the ratio from quench
rate without using a calibration curve and then calculate the initial copy number of the
target from the ratio and the initial copy number of the competitor. We successfully
quantified the copy number of a recombinant DNA of GM soybean and estimated GM
soybean content. This method will be particularly useful for rapid field tests of specific
gene contamination in samples.
In chapter 6, I described a novel technique for a simple, rapid, and reliable quantitative
detection of specific DNA sequences using an alternately binding quenching probe
(AB-QProbe) that binds to either the target or competitor in combination with
loop-mediated isothermal amplification (LAMP). We call this technique alternately
binding quenching probe competitive LAMP (ABC-LAMP). The ABQProbe is a singly
labeled oligonucleotide bearing a fluorescent dye at the 5 end. The fluorescence intensity
of the AB-QProbe reflects the ratio of the LAMP products from the target and competitor.
We amplified the target and competitor by LAMP under isothermal conditions with high
specificity, efficiency, and rapidity and calculated the starting quantity of the target from
the fluorescence intensities at the beginning and the end of LAMP. We quantified amoA,
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which encodes the ammonia-oxidizing enzyme in environmental bacteria, as a model
target by ABC-LAMP, real-time PCR, and real-time turbidimetry of LAMP. By
comparison, the accuracy of ABC-LAMP was found to be similar to that of real-time PCR.
Moreover, ABC-LAMP enables the accurate quantification of DNA in the presence of
DNA amplification inhibitors such as humic acid, urea, and Triton X-100 that compromise
the values measured by real-time PCR and real-time turbidimetry of LAMP.
7.2. Perspectives
In the future, quantification of specific nucleic acid sequences will be used on-site for
many molecular biological diagnostics, such as criminal investigation, bedside care, and
daily monitoring of ammonia-oxidizing bacteria in wastewater treatment facilities.
Therefore, simple, more rapid, and high-throughput methods for specific nucleic acid
sequence quantification are strongly desired.
Real-time PCR, which is the most widely used method, has disadvantages for on-site
quantification as follows. (i) The time-consuming and labor-intensive nucleic acid
extraction step is required, because the accuracy of this method depends critically on the
purity of the template. PCR inhibitors that are observed frequently in biological samples
may compromise results. (ii) Specialized devices equipped with a fluoremeter and a
thermal cycler for real-time fluorescence measurement are required; therefore,
miniaturization of devices is difficult. (iii) Initiations of reactions are synchronized for all
samples; therefore, there is a in the numbers of samples that can be quantified at the same
time. Therefore, real-time PCR is not suitable for on-site quantification.
ABC assay, which is described in this thesis, has advantages for on-site quantification
as follows: (i) Simple and rough nucleic acid extraction is possible, because this method is
robust to PCR inhibitors. (ii) This method can quantify specific nucleic acid sequences by
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end-point fluorescence measurement using a simple fluorometer; therefore,
miniaturization of devices is easy. (iii) Initiations of reactions are not required to be
synchronized for all samples, because we only measure the ratio of the target to the
competitor in the end; therefore, there is no limit to the number of samples to be
quantified. Therefore, ABC assay is more suitable for on-site quantification.
The remaining problem for on-site quantification is the nucleic acid amplification
method. PCR, which is a common technique, requires thermal cycling; therefore, the use
of complex devices for amplification is unavoidable. On the contrary, LAMP, which has
been described in chapter 6, enables nucleic acid amplification under isothermal
conditions ranging from 60 to 65 C; however, the primer design (four or six primers) is
difficult, so that LAMP is not widely used. Therefore, a PCR-like (only two primers)
isothermal amplification method is strongly desired.
In summary, the following feature of method is suitable for on-site quantification are
desired (Figure 7.1): (i) Simple and rough nucleic acid extraction (shaking samples in
detergents and beads by hand). (ii) PCR-like isothermal nucleic acid amplification at room
temperature with ABC assay. (iii) The detection of fluorescence intensity using a simple
fluorometer such as EGbox (J-Bio 21 Corporation). I hope that such a simple and rapid
quantitative method for specific nucleic acid sequences without requiring temperature
control and centrifuge will be developed and the method will contribute greatly to many
molecular biological diagnostics.
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Figure 7.1. Ideal system for on-site quantification of specific nucleic acid sequences. (A)
Simple and rough nucleic acid extraction. (B) PCR-like isothermal nucleic acid
amplification at room temperature with ABC assay. (C) Fluorescence detection using a
simple fluorometer.
(A) Simple and rough nucleic acid extraction
Sample solution
(detergent and beads)
Shaking by hands
(B) Isothermal nucleic acid amplification
Incubation at room temperature
ABC assay
(C) Measurement of fluorescence intensity
Detection using a simple fluorometer
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